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Abstract 
Channel optical waveguides and directional couplers in semi-insulating 
GaAs were fabricated by the novel technique of MeV oxygen ion implantation at 
multiple energies. Results of device characterization were presented and the 
experimental methods adopted were discussed. Optical guiding was observed in the 
implanted waveguides at the wavelength of 1.5 \im by end-coupling with the aid of a 
computer controlled infrared video camera system. The refractive index increase 
exhibited in the waveguide was attributed to the amorphization of the implanted 
GaAs, in agreement with former reports on this subject. Propagation losses were 
measured by the Fabry-Perot interference technique in which the transmission of the 
implanted waveguide was measured as a function of wavelength for the calculation 
of optical attenuation. An automatic measurement system was set up to evaluate the 
waveguide loss. A propagation loss of about 3 c m ] at 1.5 |im was measured. 
Besides，large optical coupling was observed in the straight channel waveguide 
directional coupler. Instead of the overlap of the propagating modes in the separate 
channels, such a strong coupling was probably caused by scattering coupling due to 
the amorphous nature of the heavily implanted GaAs. The observation of optical 
guiding confirms that oxygen ion implantation is applicable to the fabrication of 






Since the introduction of semiconductor laser diodes and low-loss optical 
fibers, intensive research on the processing and transmission of optical signals have 
been-emphasized. While the transmission of electrical signals in metal wires are 
prone to electromagnetic interference and provide only limited bandwidth, signals 
can-ied ^ lightwave in opdcal fibers are immune to electromagnetic interference and 
offer very large bandwidth, which are definite advantages for long distance 
communication. The processing of optical signals require devices operating at 
optical frequencies. Analogous to the integration of electronic devices on a single 
chip or wafer for the formation of integrated circuits (ICs), discrete photonic devices 
are also integrated to form photonic integrated circuits (PICs), or integrated with 
electronic devices to form optoelectronic integrated circuits (OEICs), which are 
collectively known as optical integrated circuits (OICs) [1.1-1.7]. The aim of 
integration is in the pursuit of miniature devices with complex functionality, 
enhanced reliability and low-cost mass production. 
The basic optical components of OICs include light sources, functional 
devices, optical links and light detectors. Among the optical devices, optical 
waveguides are of utmost importance as they are the fundamental structure of many 
optical devices such as laser diodes and waveguide photodiodes. They also serve as 
optical links that interconnect various devices on OICs and they can be incorporated 
into many waveguide functional devices. Research on the incorporation of optical 
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interconnection in ULSI microprocessors are proposed to alleviate the problem of 
parasitic capacitance encountered in the densely packed metal interconnections [1.8]. 
Optical devices can be integrated on a single substrate to form monolithic 
OICs, or on several substrate materials to form hybrid 〇ICs. So far the fabrication of 
hybrid OICs on dielectric substrate materials have received considerable attention 
because of the ease of fabrication. Among the dielectric materials, the fabrication 
technology of LiN〇3 devices has becoming mature [1.9] and the devices are already 
commercially available. Recently, guided-wave devices fabricated on photolime gel 
polymer for PICs are also demonstrated [1.10]. Despite the maturity of LiNO〗 
一 technology, an inherent problem with hybrid OICs is the assemblage and 
concatenation of devices fabricated on different substrates. Misalignment among the 
__ integrated _devices degrades the overall performance, of the hybrid OICs. This 
difficulty resorts to monolithic OICs. 
Optically active materials such as compound semiconductors, possessing the 
capability of light generation, are suitable to be used as the substrate of monolithic 
OICs because integrated light sources are usually needed. A representative example 
is GaAs. Various photonic devices like waveguides, laser diodes, modulators and 
photodiodes can all be fabricated on a single GaAs substrate and hence it is an ideal 
substrate material for monolithic OIC. Nevertheless, the success of monolithic OICs 
relies on sophisticated material research for the production of low-defect-density 
material and advance wafer processing technology for the fabrication of 
optoelectronic devices with complex structure. Techniques such as ion beam etching 
[1.11] and selective-area MOCVD [1.12, 1.13] have been studied for monolithic 
integration. 
Concerned with the fabrication techniques, ion implantation offers an 
advantage that OICs can be fabricated by an entirely planar process. While channel 
optical waveguides can be embedded in the substrate simply by masked ion 
implantation, elaborate etching process is usually required in other waveguide 
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fabrication techniques and thereby resulting in a rugged surface. Besides, the 
uniformity of implanted regions favours the formation of large area planar 
waveguides. Ion implantation is already an advantageous planar silicon technology 
[1.14, 1.15] and its crucial role played in the success of silicon-based integrated 
electronics perhaps reflects that it will be a promising technology of monolithic 〇IC 
fabrication. Research on optical waveguide fabrication on semiconductor materials 
such as GaAs by ion implantation should therefore be emphasized for the fabrication 
of monolithic OICs. 
However, few research on this subject has been carried out so fax although 
--ion implanted waveguides formed on dielectric materials such as quartz or UNO3 
has received considerable attention [1.16]. Carmine et. al. [1.17] reported channel 
waveguides in GaAs fabricated by the implantation of protons, but the diffusion of 
implanted protons at GaAs processing temperature made it inappropriate for the 
fabrication of GaAs-based OICs. A potential implant species is oxygen. Oxygen 
implantation has long been employed in the fabrication of stripe lasers to produce 
highly resistive region for current confinement [1.18]. Besides, in the fabrication of 
quantum well lasers, lateral index guiding has been realized by oxygen ion 
implantation to induce a compositional disordering in the active region [1.19]. 
Recently, modification of refractive index in GaAs by oxygen ion implantation has 
been reported for the first time [1.20]. An increase in refractive index of 0.1 to 0.2 in 
the as-implanted GaAs is observed. This phenomenon suggests another novel 
application of oxygen implantation in the fabrication of optical waveguides in which 
the implanted layer serves as the waveguiding layer. Furthermore, it has been 
reported that there is no diffusion of implanted oxygen ions at elevated temperatures 
normally encountered in GaAs processing [1.21]. 
In this research project, channel optical waveguides and directional couplers 
in GaAs were realized by oxygen ion implantation. The devices were formed by 
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MeV 0+ implantation at multiple energies. The MeV implantation was carried 
out at the Beijing Normal University. 
Theoretical analysis was performed to estimate the propagating mode 
characteristics of the oxygen ion implanted waveguides and directional couplers. 
The fabricated devices were characterized to evaluate their performance. One of the 
most important experiment for the characteristic evaluation is the excitation of 
guided waves and the observation of optical guiding of the waveguides. Optical 
guiding experiment was performed by end-coupling a laser beam into the implanted 
waveguides. The light output from the waveguide was collected using a computer 
-controlled infrared camera system from which digitized near field intensity pattern -
was produced for subsequent calculation of the refractive index profile of the 
waveguide [1.22]. 
Having confirmed the presence of waveguiding, another important 
characteristic of the implanted waveguides, propagation loss, was investigated 
[1.23]. The conventional cut-back method, being a destructive approach，is not 
suitable for semiconductor waveguides because of the high reflectivity which 
contributes to a significant Fabry-Perot resonance. Moreover, reliable experimental 
results are dictated by strict and very careflil optical alignment for the maximization 
of the transmitted output power. In this project, propagation losses were measured 
by the Fabry-Perot interference technique. The technique was investigated through 
two different approaches, viz. temperature scan and wavelength scan. However, the 
latter was eventually adopted because of its better performance and the ease of 
implementation. A measurement system for loss measurement by the Fabry-Perot 
technique was implemented, with an external cavity laser as the tunable laser source 
for wavelength scan. Furthermore, automated loss measurement was realized by 
programming the laser source and an optical power meter using a computer. Once a 
guided mode was excited in the waveguide, data acquisition was carried out 
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automatically to record the intensity of transmitted light during the scanning of 
wavelength. 
Experiments were also carried to characterize the straight channel waveguide 
directional coupler. It involves the end-coupling of the laser beam into a single 
channel of the coupler, the simultaneous capture of the near field patterns of various 
channels at the output of the coupler using the infrared camera system, and the 
determination of the strength of coupling effect using the output light intensity in 
various channels. 
This thesis is divided into three parts. Firstly, in order to provide a 
background knowledge of the devices fabricated in this project, the theory of optical 
waveguides are discussed in Chapter 2, including the discussion of the analytically _ 
exact solutions for planar waveguides and the analytical approximation solutions for 
channel waveguides. In Chapter 3 however, a numerical solution for channel 
waveguides is illustrated. The theory of straight channel waveguide directional 
couplers is discussed in Chapter 4. Waveguide formation by ion implantation is then 
discussed in Chapter 5. 
Secondly, the principles and techniques of device characterization are given. 
Chapter 6 is devoted to the discussion on various principles of waveguide loss 
measurements. The details about the fabrication and measurement of the oxygen ion 
implanted waveguides and directional couplers are given in Chapter 7. Finally, the 
results of device characterization, including the experimental measurements of the 
near field patterns, waveguide propagation losses and the coupling coefficient of 
directional couplers, are presented and discussed in Chapter 8. In the meantime, 
results from the theoretical calculations are given for comparison. This research 
project is concluded in Chapter 9 and some improvement and extension are 
discussed in Chapter 10. 
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Chapter 2 
Theory of Optical Waveguides 
This chapter discusses the theoretical aspects of slab and channel dielectric 
optical waveguides. A planar slab waveguide consists of a waveguiding layer 
sandwiched between two semi-infinite layers, as shown in Fig. 2.1. The guiding 
layer has a higher refractive index than the semi-infmite layers. Light can be 
confined in the waveguiding layer and optical confinement occurs in one dimension 
only. For channel waveguides, a high-index material with a certain cross-section 
(e.g. rectangular or circular) is surrounded by low-index materials, and light 
propagating in the high index material is guided transversely in two dimensions. The 
cross-sections of some common channel waveguide structures are also shown in Fig. 
2.1. The theory of slab waveguide wi l l be discussed first because the mathematical 
treatment is relatively simple and it provides a foundation for the analysis of channel 
waveguides. 
j ^ M High-index material 
(a) (b) 
^ A . .• "^"'"jfcj' _•_ • I 
(C) (d) 
Fig. 2.1 Types of waveguides, (a) planar slab waveguide, channel waveguide: (b) 
embedded, (c) rib, (d) stripe-loaded waveguide. 
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2.1 T h e o r y o f P lana r Slab Wavegu ides 
Consider a slab waveguide consisting of a waveguiding layer of refractive 
index n\, which is sandwiched between a substrate and a cover with refractive 
indices of nn and /13 respectively. The dielectric media are assumed to be loseless, 
isotropic and homogeneous. For the occurrence of optical waveguiding, the 
refractive indices should satisfy the inequality 
(2-1) > A7, > Uy 
The equality holds if the waveguide is symmetric, or it is asymmetric. Refer to Fig. 
2.2, When a light ray propagates in the guiding layer, depending on the angle of 
incidence 9, total internal reflections or refractions occur at the interfaces. Let 612 
and 9i3 be the critical angles at the lower and upperjnterfaces respectively and 9 be 
the angle of incidence. From the Snell's law, 
(2-2) e , 2 = s i n - ' ( — ) , a n d 
行1 
(2-3) e ,3=s in - ' ( ^ ) . 
Suppose n2>n2, that is, Qi2〉Ql3，the propagating modes of light in a slab waveguide 
can be divided into three cases [2.1, 2.2] 
case I 9 < 013 < 9|2 substrate-cover radiation mode, 
case II: 9i3 < 9 < 812 substrate radiation mode, 
case III: Q i 3 < 9 i 2 < 9 guided mode. 
In case I，refraction occurs at both interfaces, and leads to poor optical 
confinement. In the second case, total internal reflections occur at the upper interface 
while refractions occur at the lower interface. The light refracted into the substrate 
contributes to substrate radiant modes. In the last case, total internal reflections 
occur at both interfaces and light is confined in the waveguiding layer and travels in 
a zigzag path. It seems that, as long as the angle of incidence 9 exceeds 9|3 and 0|2, 
optical guiding can be achieved for any value of 9. However, it wi l l be shown by the 
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theory of physical optics [2.1, 2.3，2.4] that guiding can only occur for discrete 
values of 9 > 〉^13-
门3 
T V 7 \ Case II 一 




case 丨 case II case III 
~ I 1 1 1 > e 
0 � n/2 
Fig. 2.2 Modes of propagation in a slab waveguide: case I, substrate-cover radiation 
mode; case 11, substrate radiation mode; case ill, guided mode. 
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If the phase of the ray are taken into account, refer to Fig. 2.3，consider light 
ray ABCD and light ray EFG which is shifted to the right so that point B and point F 
lie on the same phase front and so do point C and point G, then this means that point 
B and F must be in phase and so are point C and G. Hence, the optical path 
difference between ray FG and BC must be a multiple of 2%. Furthermore, it should 
be noted that the ray BC has undergone two total internal reflections and at each 
reflection a phase shift is imposed on the ray. If ^12 and (j)!] are the phase change 
during total internal reflection at the lower and upper interfaces respectively, and the 
path difference between ray FG and BC is then the following eigenvalue equation is 
obtained _ 
(2-4) n^k^s - (t),2 - (t),3 二 INn, 
where A：。=，is the free space" propagation'" constant, Xq is the free space 
人0 
wavelength of light and N is an integer. Since s, and are functions of 9, the 
equation is satisfied merely by discrete values of 9’ i.e. 9 = 0(yV). 
llllilililH 
.-- ‘ ‘ 
Fig. 2.3 Zigzag path of a guided mode in a slab waveguide. Phase fronts shown are 
perpendicular to light ray. 
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To express (2-4) explicitly, the expressions for s,小！之 and cj)!] are required. 
From Fig. 2.3, it can be shown that 
(2-5) s = Jc-FG = 2d cosG. 
The phase shifts can be obtained from the Fresnel formulae and they are different for 
TE waves (electric field vector perpendicular to the plane of incidence) and TM 
waves (electric field vector parallel to the plane of incidence). Accordingly, the phase 
shifts are [2.1,2.5] 
(2-6) ( j ) p压=2 ta i r i ( l ) and 
K 
(2-7) - ( t ) ,3 . , /= :2 tan- ' ( - ) — " 
K 
for TE waves, and -
(2-8) and 
n: K 
(2-9) 4 w = 2 t a n - 丨 ( 躲 
rij K 
for T M waves, where 
(2-10a) P = " 入 sine， 
(2-1 Ob) K = n^k, c o s e = ^n^k； 
(2-10c) y = 
(2-lOd) d = # - r i ; k ’ S 
and P is the propagation constant. Hence, by substituting (2-6) and (2-7) into (2-4), 
the eigenvalue equation for TE waves becomes 
(2- 11a) N% = Kd-tan"'(^)-tan"'{~) = Kd-K + tan" ' ( - ) + t a n ' ' ( - ) 
K K y 5 
or 
(2-1 lb ) t a n ( K和 K(丫+5) 
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Similarly, by substituting (2-8) and (2-9) into (2-4), the eigenvalue equation for T M 
wave is 
2 -1 r. , -> 
(2-12a) JVK = Kd-tan-丨(〜丄)-tan"'(^l) = K d - K - r t a n " ' + t a n " ' ( 4 - ) 
rq K n； K n； y n； 5 
or 
(2-12b) ta 轉 广 ， ( ： ^ 冗 : 
{nin-K-- n^yd) 
In addition to the discrete nature of the angle of incidence 9 and hence the 
propagation constant p, it can be shown also that the propagation constant is 
bounded. For the guided modes mentioned above (case III), the angle incidence 
_ should satisfy the following inequality [2.6], 
〜…-(2-13) ^ > e > e , v > e , 3 > o f o r " ] 〉 ^ . -
Hence, 
(2-14) sine > sine 丨2=么， 
(2-15) ... ？>^nXsmQ>n,k„ 
thus, p is bounded below by n^k^. On the other hand, since 
(2-16) P = Avt。sine</v^o， 
consequently form (2-15) and (2-16), j3 is in the range 
(2-IV) 众。 
I f 〜 , = P / Icq is the effective index of a guided mode, 
(2-18) <f^eff 
The geometrical and physical optics formalism discussed so far are not 
sufficient for the complete analysis of a slab waveguide. To extract more information, 
Maxwell's equations must be employed to obtain all the properties of the modes of 
the waveguide. 
In addition to the assumptions mentioned previously that the waveguide is 
loseless, homogeneous and isotropic, it is further assumed that the waveguide 
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materials are non-magnetic and source free, then the Maxwell's equations are written 
as 
- 5H (2-19a) = 
ot 
- 5E 
(2-19b) V X H = £ , — 
‘dt 
where sj represents the permittivity of medium j and it is assumed that the media 
have the same permeability Hq. Fig. 2.4 shows the coordinate system adopted for the 
analysis. 
X 个 
/ 7 广 / / / f 
一 - - / / y. _ — — — 
d! I / / 〉 y 
1 ‘ — ^ / 
I n ‘ ‘ 
\ " a ；/ 
Fig. 2.4 Schematic diagram of a slab waveguide and the coordinate system used for 
the analysis by means of the Maxwell's equations 
For the sake of generality, the fields are not assumed to be polarized in any 
directions and thus the solution of the Maxwell's equations (2-19) are expressed as: 
(2-20) 
H(;c，y，z，/) = H(;c，_y>'(.P--) 
(2-21) 
二 [H- (x,y)f + H/x,y)J + 
where p is the propagation constant along z axis and co is the angular frequency. 
Substituting (2-20) and (2-21) into the Maxwell's equation (2-19) yields the 
following six partial differential equations [2.4] 
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(2-23) - 玄 帆 
(2-24) 警=-_。//: 
dx dy 




Now, for. the analysis of a slab waveguide, because there is no variation in 
the y-direction, the equations can be simplified by letting 一 = 0 . Moreover, for TE 
modes, the field components are 
(2-28) E = (⑴'-P-” H = 0 ⑷ ’ 
.oj I//,. 




Putting (2-29) and (2-30) in (2-26) and with k l 二①’-^。^。= (2)2，^^e following 
人0 
wave equation is obtained. 
(2-31) 结 + (”)/:o2 一p2)五 
Using the notation in (2-10), the wave equations for the three media of the slab 
waveguide are: 
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dE\ , 
(2-32) ' -^-b-E^, = 0 substrate (x>0), 
dx-
dE\ , 
(2-33) - r 五 v3 = 0 cover (0>x>-d), 
ox ^ 
dE\ , 
(2-34) + •力=0 guiding layer (x<-d), 
The solutions of (2-32) to (2-34) are of the form E^ = c / ^ + € , 6 - " ^ . Using the 
dE 
following boundaries: (1) x~>±co，£ =0 , (2) £ and - are continuous at x=0 
dx 
and x=-d, the solution of (2-32) to (2-34) are [2.3； 
(2-35) - = … - (x>0) 
(2-36) (x) = A COSTCC + B sin kx, (0>x>-d) 
. . . . ( 2 - 3 7 ) _ E^,(x) = (AcosKd-BsinKcl)e' ' -e'^. (x<-d). 
These equations imply that K is propagation constant along x axis. Using (2-30), the 
H^ components are 
(2-38) (x>0) 
mo 
(2-38) (x) = -(-—)K(cosTa: — sin icc)， ( 0 ^ - d ) 
零0 
(2-40) (x) = +(—)(A cosKfi^ - B sin l o ^ g " . e供. (x<-d) 
等。 
From the boundary condition that the H^ components should be continuous at x=0 
and x=-d, the equation 
(2-41) ^ = 
A K 
and the following homogeneous equation are obtained. 
(2-42) � 石 K = 
[K sinK^i-ycosKfif KcosK<i + YsinK<iJ|_5」[_0 
A solution exists for the equation i f the determinant is zero. This criteria gives rise 
the eigenvalue equation 
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(2-43) = 
(K--丫 5) 
This equation is identical to (2-1 lb) which is obtained from the consideration of 
physical optics. Furthermore, the distributions of the field components in the 
waveguide are also available from the analysis using the Maxwell's equations. It 
indicates that outside the guiding layer, the fields drop exponentially. Only portion of 
the energy is confined within the guiding layer, the rest losses as evanescent fields. 
Similarly, for T M modes, the same result as (2-12b) can also be obtained from the 
Maxwell's equations. 
Given the refractive indices n^, n^ and n-^  of the three layers of the slab 
waveguide, the thickness of the guiding layer” the propagation constants (3 and the 
- effective indices n^j j of the guided modes in -the slab waveguides can be calculated —-
from the eigenvalue equations (2-11) or (2-12) for TE or T M waves. Fig. 2.5 shows 
3.38971 
3.3877-- ^ 
^ 3.3857- ^ ^ 
占 3.3837 - 丁 ； ^ ^ ^ 
| 3 . 縦 . / . X Z 
W 3.3797-- / / Z 
/ / 丁 E 2 / 
3.3777- / / 
- . / / y 
3.3737J L _ I Zh iZ I / 
0 2 4 6 8 10 
Thickness of Guiding Layer (]im) 
Fig. 2.5 Effective Index of the TE modes in the slab waveguide shown in Fig. 2.4 with 
ni=3.3737+0.015,门2=3.3737 and /?3=1. 
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the variation in effective index of the guided TE modes with the thickness of the 
guiding layer for a slab waveguide with "1=3.3737+0.015，a72=3.3 7 3 7 and ^3=1 
[2.7], The electric field distribution for the two TE modes supported by a slab with a 
guiding layer of 5 |im thick is shown in Fig. 2.6. The effective index of the 
fundamental T E mode, TEq, is 3 . 3 8 6 1 and the corresponding field distribution is 
shown in Fig. 2.6(a). The effective index of TE! mode is 3.3788 and its field 
distribution is shown in Fig. 2.6(b). 
S � . 8 . . i / \ f ... i / \ — . . . 
S � . 6 • ; / \ 
I 0.4- j / \ ； 
！。.2:/: \| 
substrate i guiding layer cover 
0 i 1 1 1 1 
-6 -5 -4 - 3 - 2 - 1 0 1 
Waveguide Depth ( _ 
Fig. 2.6(a) Electric field distribution of TEq mode in the slab waveguide with d = SF^ m. 
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！ � . 6 . . / \ 
N / 
I -0.2 .. / 
I -0.4 ； / 
^ - 0 . 6 .. \ ： / 
-0.8 \ / 
substrate \ _ / guiding layer .. cover 
“ -1.0 1 Z丨 1 i i f _ 
-6 -5 -4 -3 - 2 - 1 0 1 
Waveguide Depth {\im) 
— . . _ — 一 
Fig. 2.6(b) Electric field distribution of TE! mode in the slab waveguide with d = 
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2.2 Theory of Channel Dielectric Waveguides 
As channel guides do not support pure TE or T M modes but their 
hybridization, TEM modes, the simplifications adopted in the previous section are 
no longer applicable and it is thus difficult to solve analytically for the exact 
solutions of the wave equation. In rectangular waveguides, with the coordinate 
system denoted in Fig. 2.7, the modes supported can be divided into two types: 
(1) •&二 modes: the electric field in the mode is primarily polarized in y-direction, 
while the electric fields in x- and z-direction are negligible. This 
“ - type of modes are analogous to the TE modes in the slab 
waveguides. 
(2) E.;’q modes: the electric field is mostly polarized in x-direction and the electric 
field components in y- and z- direction are negligible. This type of 
modes are analogous to the T M modes in the planar slab 
waveguides. 
The subscripts p and q represent the number of maxima along the x- and y-direction 
respectively. Two common approximate methods, Marcatili's method and effective 
index method, are considered. 
2.2.1 Marcatil i 's Method 
Consider a rectangular waveguides, as shown in Fig. 2.7, of dimensions bxd 
and the refractive indices of the five component media are n^, 〜，n^ and 〜. 
Marcatili's method assumes that the modes are well confined (that is, most of. the 
power flow is confined in the core) and the fields in the four shaded comers are 
negligible. Moreover, the fields in the four regions surrounding the core are limited 
to decay exponentially with the distance from the core [2.8]. The exponentially 
decaying fields outside the core are matched to the sinusoidally varying fields inside 
the core. 
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个 X A x 
. • J , k . . 
d 丨 门 5 ‘！ 门 1 门 4 ~cos(K y) j 
b E 
p A ； X 
y r \ : _ 
—.- — — — i • •-一 -• — - • — - ~ - - - • -
〜e丫sy y ~COS(K^ X) \ 〜e"^" 
： > y 
Fig. 2.7 Cross-section of the rectangular waveguide and the coordinate system. 
From the Maxwell's equations (2-22), (2-23), (2-25) and (2-26), the 
transverse fields can be expressed in terms of the longitudinal components as 
follows [2.3，2.4]. 
n zl/1� rr i�r* 犯- dH. (2-44) 五 广 + 释 
Kj ax dy 
J L- — 
(2-46) ! 
‘ ^ ax ‘ ° dy 
//，=-去[P 警 + — 。 警 -
^ K： dx dy 
J L- — 
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where K] = n'.kl -f>-. This implies that once the longitudinal fields E- and H: are 
available, the transverse fields can be obtained. To find the longitudinal components, 
the Maxwell's equation V-E = 0 and (2-44) to (2-47) are used to obtain the reduced 
wave equations 
(2-48) - - ‘ ‘ 
which have solutions of the form E,{x,y) = and 
H,{x,y) = X " ( ; c ) Y " 0 ) . For E^^ modes (TM-like), the longitudinal fields region 1 
are [2.3] —— • - -
(2-49) = WcosK c +《）cosK少 0 + r|)， 
“"(2-50) — H: \= n^ ( — s i n k , (x + sink , + ti). 
L Kr p � 
The corresponding transverse fields that satisfy (2-44) to (2-47) are 
厂 M “ 
(2-51) E太1 二 众o'-K” sinK“;c +《）coskJ少+ ri) 
K 
(2-52) E 广 — c o s K _ , ( ; c : + 5)sinK/jK + r|) 
(2-53) H d = 0 
(2-54) = sin、（;c + §)cosK，Cy + T]) 
' L �� 
where K^ = nflcQ 一P: = k； Since 二 modes are under consideration, the field 
component of prime interest is the predominant electric field E^. The electric fields 
Ex in the other regions are listed below. 
(2-55) 祝 c o s K “ 《 - … c o s K r i ) e 丫 
L TiP 」 
(2-56) - ^ t i - t ^ c o s K , ^ COSK/;; + ”K丫‘太 
L Y3P 」 
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yj" fC -L • 
(2-57) 五 i A ^ ‘ 。 、 c o s K “ “ T i ) sinKr(x +《)e-丫“广 
L "J 」 
- 7 1 -巧-yj"Ic" yc" 
(2-58) E “ = ——^cosK n + 
L〜 」 
By matching the boundary conditions appropriately [2.3], the parameters in the 
above equations, y's, Kx and Ky，are determined by solving the six equations below. 
(2-59) = 鄉 ？ I 丫 3) 
n Am - , K 力 丫 5 ) -(2-60) tan K 力二 —^ 
(2-61) 
(2-62) " = — 
(2-63) 丫 卜 咖 丨 ) 一 K; 
(2-64) 丫卜众。'(”丨2-心-K; 
(2-59) and (2-60) are exactly the same as the eigenvalue equation (2-12b) and (2-
11b) for planar slab waveguides, respectively. This implies that the waves in the 
rectangular guides are treated as being confined in x- and y-direction by two planar 
slab waveguides. The phase parameters \ and r\ can then be obtained by 
(2-65) tanK,5 = - 4 — , 
丫 3 
(2-66) tanK,Ti = - ^ . 
K少 
The important parameter p, the propagation constant along z-axis, is given by 
P-67) p2 二”丨2 众一 k2厂 
The field distribution of E ' modes can therefore be calculated once all these 
Ph 
parameters are available. 
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Similarly results can be obtained for modes. For example, the 
propagation constants along x- and y-direction, k^ and Ky, are obtained by solving 
the eigenvalue equations 
(2-68) t a i i M = K、(Y2+y3) ’ 
K;-丫 273 
(2-69) , , , 4 . 
肌丫 5 
X小 门3 
. - - - > -广 
. ‘ ‘ Z I 
Z I ^^ ‘ - • . ‘ , 
‘； 
； : : . : : 。 ； y ’ 
-——• - \j .|vA.“ ‘. .；. X .、.： I • • • • — 
： ： 
Fig. 2.8 Schematic cross-section of the embedded waveguide under 
investigation. 
As an illustration, the mode propagation characteristics in an embedded 
waveguide are evaluated. As shown in Fig. 2.8, the refractive indices of the 
component media are …=3.3737+0.015，^2=3.3737 and 773=1 and the depth of the 
waveguide d is 3 |im. Fig. 2.9 shows the calculated effective indices ( j i也=P / /:。）of 
an embedded waveguide as a function of waveguide width b, at the wavelength of 
1-55 |j.m. Fig. 2.10 shows the electric field distribution of E"^ ^ and E' j mode 
supported by an embedded waveguide with width b=6|im. The propagation 
characteristics calculated for the two modes are tabulated in Table 2.1. 
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£7丨 mode mode 
K, [|Lim-'] 0.8181 0.8181 
Kv [| im-l] 0.4146 0.8184 
P [}im-l] 13.7060 13.6878 
npff 3.3811 3.3767 
Table 2.1 Propagation characteristics of the embedded waveguide shown in Fig. 2.6 at 
the wavelength of 1.55 |im, with b=6 |im. 
3.3827 1 
3.3817 - 一 
3.3807 -
g 3.3797 - , 广 
£ 3.3787 • / , 产 
•兰 3.3777 •• / 7 y 
^ 3.3767 - / 
扫 S I / A 
3.3747 / / ^ 
3.3737 1—\ 1 
0 2 4 6 8 10 
Waveguide Width (pm) 
Fig. 2.9 Effective indices of the guided modes in the embedded guide verses the 
width of the waveguide b. 
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1 ] ^ ^ ^ r ^ ^ — 
j j \ I 
H 0.5 - / i \ 
- - 1 / I - \ ; . … 
门2 : guiding layer n^ \ : 门3 
； V 0 i 1 1 〜 
• .... .. — •— ~ 一 - — - - - — 
-4 -3 - 2 - 1 0 1 
Waveguide Depth (jam) 
Fig. 2.10(a) Transverse electric field distribution (along x-axis) of the guided mcujes in 
the waveguide with b=6 |im. 
rpA X I 
1 E \ ： 
I * : \ / 
^ 门5 guiding layer n, \ /； ^^ 
-1 i 1 1 1 1 ~ ^ 、 乂 — — i 
-1 0 1 2 3 4 5 6 7 
Waveguide Width (|im) 
Fig. 2.10(b) Transverse electric field distribution (along y-axis) of the guided modes In th?； 
waveguide with b=6 |im. 
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2.2.2 Effective Index Method 
When compared with the Marcatili's method, effective index method gives 
better results for modes close to cut-off. In this method, the four shaded regions 
neglected in the Marcatili's method are taken into account [2.2, 2.3, 2.9]. Refer to 
Fig. 2.11(a)，a channel waveguide is regarded as being composed of planar slab 
waveguides arranged in the x- and y-direction. The waveguide is first divided 
horizontally along the dash lines into 3 planar slab waveguides that are homogenous 
in the y-direction as shown in Fig. 2.11(b). The effective indices for these three slab 
waveguides, n^jp and n^jj^ are calculated from the transcendental equations (2-
11) or (2-12) for slab waveguides depending on the polarization of the fields. Next, 
隱 L , 
(a) Channel waveguide with rectangular cross-section 
^ B 
(b) The rectangular waveguide is modelled as three slabs. 
•%ff2 Heffi Heffs 
(c) An equivalent slab for the rectangular waveguide. 
Fig. 2.11 Modelling a rectangular waveguide by effective index method. 
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using the effective indices of the three waveguides, the channel guide is modelled as 
another slab waveguide, homogenous in the x-direction as shown in Fig. 2.11(c). 
The propagation constant P of the channel is simply given by the propagation 
constant of this vertical slab waveguide. 
_ K - ^ 门3 X 
n ! te謂 八 
• ... .. 'Wa^：.. 
(a) An Embedded waveguide. 
门2 
mm 
(b) The middle part of the embedded guide is modelled as a slab. 
」.国. 
s s i l i i i i t l i f i i i f t i i 
(c) An equivalent slab for the embedded waveguide. 
Fig. 2.12 Demonstrate the effective index method using an embedded waveguide. 
The effective index method is illustrated using the embedded guide as shown 
in Fig. 2.12(a). For 五;modes, electric field is primarily polarized in the y-direction. 
I f the middle part of the embedded guided is elongated and treated as a horizontal 
slab waveguide homogeneous in the y-direction (Fig. 2.12(b)), then 五二 modes of 
the embedded guide are analogous to the TE modes in this horizontal slab. The 
eigenvalue equation (2-1 la) for TE modes is employed to compute the effective 
index n^ff for this slab waveguide. Accordingly, n^ff is give by the eigenvalue 
equation below, 
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Theory of Optical Wiivr^uides 
(2-70) = ^ - tan-' ( ^ ^ S ) 一 tan" ( , = 1,2,...), 
Then，the embedded guide is considered as being equivalent to a vertical slab 
waveguide as shown in Fig. 2.12(c). It is a planar slab waveguide homogeneous in 
the x-direction with ^g^as the refractive index of the guiding layer. Furthermore, the 
equivalent guide is a symmetric waveguide. As the electric field is predominantly 
polarized in the x-direction, it is analogous to TM fields with respect to the vertical 
slab. Hence, the eigenvalue equation (2-12a) for the TM modes in planar slab 
waveguides is used to compute the propagation constant (3 of the embedded guide. 
The propagation constant is given by 
(2-71) V ^ P r ^ Z , = 〔p = 1,2,.：), .— 
� f f VP -
Similar results can be obtained for 五二 (TM-like) modes. Eigenvalue equation (2-18) 
for TM waves is used to compute 〜度and eigenvalue equation (2-16) for TE waves 
is used to compute the propagation constant of the embedded guide. Accordingly, 
they are 
(2-72) 
1 ( 4 释 ) - t a n - ' 4 薛 ) ( . = 1 , 2 , . . . ) , 
Vp - 权 
Fig. 2.13 shows the effective indices for 五二 modes as a function of the 
width of an embedded waveguide calculated by the effective index method, with the 
refractive indices «i=3.3737+0.015,〜=3.3737 [2.7], "3=1 and depth d=3 ^im. The 
wavelength of light is 1.55 jam. The results obtained from the Marcatili's method are 
also included for comparison. 
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It is worthwhile to point out that both the Marcatili's method and the 
effective index method treat a rectangular waveguide as a combination of two slab 
guides. The propagation constants in the x- and y-direction, k^ and k少，are obtained 
respectively from the vertical and horizontal slab and hence the propagation constant 
P of the rectangular waveguide along the z-axis is determined from the two values. 
The difference is that, in the Marcatili's method, the dimensions and 
refractive indices of the fictitious slabs are all directly obtained from the rectangular 
guides. In the effective index method however, the thickness and the index of the 
horizontal slab in the middle are obtained from the rectangular guide, but for the 
- — * 
vertical slab, only the thickness of the guiding layer agrees with the width of the 
rectangular guide, its refractive index is replaced from the core index by the 
relatively smaller effective index n^jj of the horizontal guide. In other words,"the -
transcendental equation for the horizontal slab is coupled into that for the vertical 
slab and hence the effective index method gives a more accurate value for the 
propagation constant [2.3]. 
3 . 3 8 2 7 1 ： ^ 
3.3807-
g 3.3797--
3 3.3787 •. / / y ： 
g 3.3777- / / ^12 
I 3.3767.. / / y 
W 3.3757 - / / Z / \ 
3.3747 - / / y / \ Z / 
3.3737 ~ Z I , i — Z - _ i I H 
0 2 4 6 8 10 
Waveguide Width (\xm) 
Fig. 2.13 Effective index verses waveguide width b of the embedded waveguide shown in 
Fig. 2.12. ( ) Effective index method; ( ) Marcatili's method. 
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Chapter 3 
A Numerical Method for Optical Waveguides 
3.1 Introduction 
Knowledge of the propagation characteristics of optical waveguides is of the 
utmost importance to the design of optical waveguides and various optical devices. 
To determine the mode propagation characteristics, one must solve for a solution to 
the Maxwell's equations. However, analytical solutions are only available for 
• —---
waveguides with such—simplest geometry as planar slab waveguides (Chapter 2) and 
circular core waveguides. For a waveguide with rectangular cross-section and made 
of several different component materials, an increasing number of boundary 
conditions have to be taken into account and solving the corresponding Maxwell's 
equations analytically is not an easy task. Eventually, instead of an analytically exact 
solutions, approximation methods are adopted. In Chapter 2’ an exact solution to the 
Maxwell's equations for a planar slab waveguide has been derived. In addition, two 
analytical approximation methods, the Marcatilli's Method and the Effective Index 
Method，have been introduced to deal with rectangular waveguides whose 
component materials are homogeneous. Computers are required to solve the 
eigenvalue equations encountered in matching the boundary condition, even for the 
simple slab guide. 
Furthermore’ if the waveguide has a complicated structure with an arbitrary 
refractive index distribution, or if the waveguide materials are anisotropic or non-
linear, solving for the Maxwell's equations becomes increasingly difficult. Hence, it 
IS naturally resorted to numerical methods using computers [3.1-3.6]. Among the 
numerous numerical techniques. Finite Element Method is one of the popular 
3 - 1 
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i 
i 
approaches. It is applicable to arbitrarily shaped waveguides and the waveguide ； 
materials can be anisotropic and inhomogeneous. In this method, the cross-section of 
the waveguide is divided into numerous triangular elements, the field in the guide is 
given by the sum of the fields in each triangular elements, which are approximated 
by polynomials due to the ease of mathematical treatment. However, this method 
consumes a lot of computer time. 
In this Chapter, a relatively simple method wi l l be discussed. The idea of this 
approach is to assume the solution to the scalar wave equation is the superposition of 
a set of orthogonal basis functions. Then, by substituting the assumed solution into 
the wave equation, a system of homogeneous equations is obtained. Solving the 
corresponding matrix equation for the eigenvalue and eigenvectors, the propagation 
constants "and the mode field distributions in an optical waveguide can be evaluated. 
This method is discussed as follows using an embedded waveguide as an illustration. 
3.2 Two-dimensional Fourier Series Expansion Method 
八y 
Ly »： ； . 、 ‘ 、 ’ “ f \、， 、 、 - , , , 
0 s vw/' <w： “‘ > ^ / s > ' ^ , ^ 
-〜广、 - . 广 
、：、 S M ^ ^ m H S I 、 、 
u 、 \ . I 删 \ 、 • n Q、、\ \ \ \ \、、\ \ \ v、\ q、、 \ o 21 v、,\ \、、\、、\ \ \ .、2a 
•、 . \ . K \ \ \ \ \ \ \v \ fs 、 \ . t. \ \ •• f- ••.. A _ _ _ — _ : — — ~ 
Xl X2 I 
X 
Fig. 3.1 Cross-section of the embedded waveguide. 
Refer to Fig. 3.1，a rectangular waveguide is enclosed within a finite domain 
(3-1) 5" = { ( ;c ’y ) :40，LJ，ye[0 ’Ly ] } . 
The waveguide guide has a refractive index of n。 i t is embedded in a substrate of 
index n^ and the waveguide is exposed to a medium of refractive index n^. In this 
3-2 
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I 
approach, a set of sinusoidal basis functions is used to expand the field in such | 
domain. The basis functions are chosen such that they vanish at the boundaries of | 
！ 
the domain. The infinite set of basis functions [3.4, 3.7] | 
i 
(3-2) { ( j ) , 作 ： w ， v = l，2，...， 
^X LY 
is chosen to satisfy the said requirement. Clearly, the field is indeed expanded in a 
double Fourier sine series. The orthogonality of the set of basis functions is evident 
from the product <(})„, ([)„.,. > over domain S. 
‘ (3-3) <(t)„v^„v> dxdy = - _ 
JU vU 
The mode field E(x,y,z) is expanded as the superposition of the basis functions 
-(3-4) E{x,y,z) = .!>„人Xx，>0 収， 
_ "V _ 
where c^ '^s are the Fourier coefficients and (3 is the propagation constant along the z 
axis. The infinite series above is an exact representation of the mode field. In 
practice however, the series is truncated to allow numerical computations. The 
number of terms to be chosen depends on the accuracy required. In general, the more 
the number of terms included, the higher the accuracy but the longer the 
computation time. For numerical calculation, the field is expanded in terms of a 
finite set of sinusoidal basis function with N^ x Ny elements, 
( 3 - 5 ) I 丄 官 V ) ， 
u = v = l，2，...，A^广 ix,y)eS} 
and the field is expressed as 
E{x,y,z)= 丄v(太，力一： 
U V _ 
The unknown coefficients of the double Fourier sine series expansion are 
determined by substituting (3-6) into the scalar wave equation 
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(3-7) V'E + n\x,y)k,E = 0, | 
I 
I 
where kQ= — is the propagation constant in free space and n(x,y) refractive index 
入0 i 
distribution within the domain S. It should be noted that the scalar wave equation is 
polarization independent, that is, it does not take the direction of polarization into | 
account and is satisfied by fields polarized in either x or y directions. Thus, this 
method is only applicable to the cases where the effects of polarization in 
insignificant. 
With respect to Fig. 3.1, the index distribution function of the embedded 
waveguide is given by 
——… 、，0，_y)e5"i —— 
(3-8) «0，力二 {x,y) eS^ 
Pc. (x,y) eSj 
where the sub-domains Sl，S2, and S3 are defined as follows, 
(3-9a) = {(x，>0: X e[0，4]，_y eCy”丄,]}， 
(3-9b) 53 = {{x,y): X e[Xi’X2]，y ^[yvyj]}, 
S2 = 'S'21 u S22 u 1S23 
9 = {{X,y)： X e[0,x,),y €[0，}；2]} 
二 {(I，力:^ 啦,X2]，少 _，少1)} 
二 {0，少)：太 £[0，：^2]} 
Substituting (3-6) into (3-7) yields 
( I X V 2 A ) + 1>上(•；广P r ) + ( 1 > 丄 广 ) = 0 
U,V U,v "’V 














1- "1 1 
-) 2 2 
(3-13) Zcuv (吾+ 告巾“v=。， I 
u,v L丈 h � I 
i 
where (3=〜Determinat ion of the unknown coefficients c^ '^s resorts to the 
orthogonality relation of the basis functions. Multiplying (3-13) with 中“….（义’ >0 and 
performing a surface integration over the domain S give rise to 
(3-14) r j； + t 1 , . dxdy = 0 
_ 0 0 [u.v ^x ^y , 
‘ 2 2 2 “ 
(3-15) 义’）0(!)JW〉一〜;〈中<JVv.〉-(} + i )&〈中《JVv .〉二0 
«,V L太 Ly Kq 





(3-17) 二 义 ， y ) 中 丄 V . 〉 一 長 5 人 . . 
Lx ^y 欠 0 
The scalar wave equation has thus been converted to a system of homogeneous 
equations by the substitution of the series solution. The eigenvalues and the 
eigenvectors are c^y respectively. This result is more evident if the four 
indices u, v, u', v' of the four-rank tensor A are replaced merely by two indices i and j 
so that the rank of A is reduced from four to two. Using transformations such as 
(3-18) / = 
(3-19) ; = 
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the elements in are rearranged to form an equivalent two-dimension square 
matrix Ay of order (N^-Ny), the indices i and j count from 0 to {N^-Ny) and the 
Fourier coefficients c^^ are rearranged to form an equivalent column vector Cj. \ 
1 
Hence, (3-16) can be re-written in an equivalent form as | 
(3-20) 节 〜 々 “ 〒 \ 
7 = 1 i 
which is explicitly expressed in terms of the matrix elements as follows, 
_ r" — 
— A , , Ap_ … 八丨("為） c丨 c丨 
门。1、 A " … A w , ) c’- C’_ 
(-3-21) . ： ： -^ejr ： 
A("為)丨 A("為)2 ... A ( " 為 丄 
Consequently, the scalar wave equation is converted to a characteristic equation of 
matrix A. The coefficients of the sine series expansion in (3-4) can be obtained from 
the eigenvectors of the matrix A and the eigenvalues correspond to the effective 
refractive indices of the propagation modes. To solve the characteristic equation of 
A, its elements should be known. By the definition of the matrix elements in (3-17), 
it is obvious that A is symmetric and hence only the elements in either the upper or 
the lower triangle of A are needed to be computed. From (3-17), for 
">w'=l,2,. . . , iV_,,v,v'=l,2,. . . , iV, and / 二(w丨-1)"少 + V，_/= ( w - + v, the 
elements of the square matrix A are 
(3-22) Ay =式卯V =< (I，力伞“V小“V >’ 
for the off-diagonal elements that is, 
(3-23) or(w = w,，v;>^ :vi；) or (wz/，v二v*)， 
and 
兀 2 以 2 以 2 
0-24) A,三 4即V =<«2(工，力小 )^">一 ( + )， 
for the diagonal elements (i=j), that is, 
(3-25) (w = «',v = v') . 
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Therefore, to compute the matrix elements Ay, it is only necessary to evaluate the 
product over the domain S. This product can be evaluated by 
numerical integration, but in this illustration, because the refractive indices of the 
core, substrate and the cover are homogeneous, it is possible to evaluate the product 
analytically without the need to perform double integration numerically. The results 
of the evaluation are given in Appendix 1. 
Having found the matrix A, the characteristic equation of A can then be 
solved. Numerical methods such as the power method and the inverse power method 
can be used to solve for the eigenvalues and the eigenvectors by iterative algorithms 
J.8]. In the former method, only "the dominant eigenvalue and the corresponding 
eigenvector can be obtained. In other words, it allows the evaluation of the effective . 
index and the field for the_ fundamental mode only. For the latter, however, all the 
eigenvalues and eigenvectors can be obtained. On the other hand, computer 
subroutines such as EISPACK can also be employed to solve the eigen-problem. 
This numerical solution of two-dimensional series expansion for optical 
waveguides was applied to an embedded waveguide. It was implemented using the 
computer software MATLAB by which the matrix equation was solved using the 
EISPACK subroutine to obtain all the eigenvalues and the corresponding 
eigenvectors. The simulation program involved two main parts, (1) the computation 
of the matrix elements by integration, and (2) the evaluation of the eigenvalues and 
the corresponding eigenvectors by the EISPACK routine. 
Simulation was performed for an embedded channel optical waveguide in 
GaAs as shown in Fig. 3.2. The wavelength of the incident light was 1.55 j im and 
the refractive indices of the core, substrate and the cover layer were 3.3887, 3.3737 
and 1 (air) respectively [3.9] . The index difference between the core and the 
substrate was 0.015. As shown in Fig. 3 . 2 , [ i m , Ly=6 the depth and width 
of the waveguide were 3 \xm and 6 ^im respectively. For the purpose of comparison, 
these parameters were the same as those used for the illustrations of the Marcatili's 
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Fig. 3.2 Dimensions and indices of the embedded waveguide under simulation. 
method in Chapter 2. In this simulations, N文 and Ny were chosen to be 7 and 15 
respectively. More terms were allocated to the y-component of the sine series 
expansion because of the greater index change along the vertical direction. For a grid 
size of 0.5 jj.m and 0.2 fj.m along the x and y direction respectively, the total 
computation time, including the calculation of matrix elements, solving the eigen-
problem and plotting the field profile, was about 530 seconds with the MATLAB 
program being executed on a 486SX20 personal computer. 
Fig. 3.3(a) and Fig. 3.3(b) shows respectively the mesh plot of the 
normalized field distribution of i and Ey2 mode. The effective indices of E^ i and 
mode were 3.3813 and 3.3768 respectively. These values were very close to that 
calculated from the Marcatili's method discussed in Chapter, which were 3.3811 and 
3.3767 respectively. Fig. 3.4 and Fig. 3.5 show the vertical and horizontal field 
distribution are compared with those obtained using the Marcatitli's method for the 
same waveguide structure. 
Accuracy can be enhanced by including more terms of basis functions in the 
double Fourier series expansion. However, as N .^ and Ny increases, the size of the 
niatrix A, {N^ X Ny、\ is enlarged and thereby requiring a lot of computation time to 
calculate the matrix elements by integration and the computation of the eigenvalues 
如d eigenvectors of the enlarged matrix A. This method can be extended easily to 
waveguides with arbitrary shapes by using a number of rectangles with uniform 
refractive indices to approximate the complex waveguide structures. This 
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I 
• i 
approximation enables the analytical evaluation of the matrix elements, or more | 
I 
. [ 
precisely the products (,r, ({),.,•) ‘ without the need to compute by numerical \ 
integration. Otherwise, for non-uniform index distribution time-consuming j 
numerical double integration should be performed to calculate the matrix elements, 
which is unfavourable when N又 and Ny are increased to improve the accuracy. 
\ 0 0 ^ ^ ^ 
Fig. 3.3(a) Calculated electric field distribution of E ^ mode of the embedded 
waveguide shown in Fig. 3.2 by the 2D Fourier series method. 
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^ 。 Z 
X 
Fig. 3.3(b) Calculated electric field distribution of E12 mode of the embedded 
waveguide shown in Fig. 3.2 by the 2D Fourier series method. 
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Fig. 3.4(a) Electric field distribution of E-| i mode along the horizontal direction. 
( )2D Fourier series method; ( ) Marcatili's method. 
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3.4(b) Electric field distribution of E-| 2 mode along the horizontal direction. 
( )2D Fourier series method; ( ) Marcatili's method. 
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Fig. 3.5 Electric field distribution of E ^ and E^o mode along the vertical direction. 
( )2D Fourier series method, E^' , ( ) 2D Fourier series method E|2； 
( )Marcatili's method, E n or E12. 
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Chapter 4 
Theory of Directional Couplers 
In Chapter 2, propagation of light in waveguides has been investigated under 
the situation that only a single isolated waveguide is taken into account. When two 
channel waveguides are placed close to each other, their propagation characteristic 
are mutually perturbed. The electric field of a guided mode in an isolated waveguide 
possesses evanescent tails, when another waveguide is placed in close proximity 
such that it overlaps significantly with the evanescent field of the former guide, 
.一 energy exchange between the two—guides wil l occur". Optical energy passed into one 
channel wi l l transfer to the other. This is the working principle of a directional 
coupler. The coupled mode theory is used to explain such an energy exchange due to 
mode coupling. Theoret ical analysis to be discussed wil l base on an intuitive 
approach [4.1’ 4.2] instead of the rigorous mathematical treatment using the 
Maxwell's equations [4.3, 4.4]. 
4.1 Dual-Channel Coupler 
Refer to Fig. 4.1，two waveguides, guide 0 and guide 1，are separated by a 
distance & Let the respective electric fields, \|/i and \|/2，of a propagating mode in the 
two guides be 
(4-1) = and 
(4-2) = 
where E{x,y) represents the transverse field distribution, A is the amplitude, (3 is the 
propagation constant and co is the radian frequency of light. If 5 is sufficiently small 
and interaction between the guides becomes significant, perturbation in the field 
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guide 0 guide 1 
y ni A ni 
和 I I I I 
i< - , > i < ^ 
b s b 
Fig. 4.1 Two coupled straight channel waveguides. Intensity distributions of each 
individual channel are shown. 
amplitudes are anticipated and the amplitudes are interdependent. Assume that the 
transverse field distributions E(x,y) are not substantially disturbed by the mutual 
interaction, the variation of the field amplitudes along the propagation distance can 
be described by the couple mode equations as 
(4-3) ^ ^ = — / P o ^ ) + ‘ A i ( z )， 
dz 
(4-4) ^ ^ 二一/PiA 丨⑵+ “ ⑴ ’ 
dz 
where Kij is the coupling coefficient associated to the coupling effect on guide i due 
to guide j. Suppose the guides are identical and both exhibit an attenuation 
coefficient of a , the mode propagation constants and coupling coefficients of the 
two guides can be expressed as 
( ‘ 5 ) P 。 令 P = P 厂 , ， 
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where K, a and P厂 are real quantities. Then, the couple mode equations are reduced 
to 
(4-7) = + 
dz 
(4-8) = + 
dz 
To solve for Aq and A], initial conditions are required. Assume that at z=0, light is 
only coupled into waveguide 0，the initial conditions are 
(4-9) / \ ^ ( — ) = C， 
(4-10) - - Ai(z = 0) = 0. - -
Hence, the solution of the system of coupled linear differential equations are 
(4-11) \ { z ) = Ccos{Kz)e-'^\ 
• — ^ .•」. … 
(4-12) A丨⑴= - C s i n ( A : z K 气 
If the electric field distributions are normalized, i.e. |£(;c，;y)|2 二 1’ then the power in 
the guides are 
(4-13) 尸oU)=ko(之)|2 = 
(4-14) P , ⑴ = I ( z ) | 2 = | A , ⑵ = C2 sm\Kz)e- '^ 
It is evident that, from (4-13) and (4-14), as light propagates, the power in guide 0 
decreases and that in guide 1 increases. Complete power transfer occurs at a distance 
L which is given by 
(4-15) KL= 二’ 2 
and after that, energy is transferred from guide 1 back into guide 0 and vice versa as 
light propagates further. Such complete power exchange repeats when 
(4-16) 沿二 1 +爪冗， m = 0,l，2，0 
2 
In general, it can be shown that i f the guides are slightly different so that the 
propagation constant are different (i.e. Po邓 1) but the coupling coefficients and the 
attenuation coefficients remain the same, the power in the two waveguides are given 
by 
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(4-17a) P,iz) = C'[cos\gz) + A ' sin-(^z)]e—似， 
(4-17b) ⑴ = C 2 { - ) ' sin-(gz) e-彼. 
where 
(4-18a) AP = P。-P, 
(4-18b) 容 
The coupling coefficient can be obtained directly form (4-3) and (4-4) by 
considering that polarization is generated in guide 1 by the evanescent fields of 
guide 0. Energy transfer can be explained by the fact that energy is expended by the 
electric field in guide 0 to create a driving polarization for guide 1. The coupling 
coefficients in (4-3) and (4-4) are given by 
z CO r r 
(4-19) 尤 1。=-丁 
4 JJ 
tVA m M 
(4-20) K,, =-~]]K{x,y)^z,{x,y)E,{x,y)dxdy. 
For the waveguides shown in Fig. 4.1，the dielectric discontinuities are 
( A n u . , 、 A , 、 I ^ o K ^ - " ? ) ' inside the guide 0 or guide 1 
(4-21) Ae。(x’}0 = A£i(x,力二 ^ 
0. outside the guides 
Hence, knowing the expressions for the field distributions of the waveguides 
and the dielectric discontinuities, coupling coefficients can be determined. As it is 
assumed that the mutual interactions do not significantly the disturb field 
distributions of the individual guides, the results obtained in Chapter 2 for the field 
distributions in planar slab guides and rectangular waveguides can be used to 
approximate the coupling coefficients of a dual-channel directional coupler formed 
by two slab or rectangular guides. For a directional coupler formed by two planar 
slab waveguides as shown in Fig. 4.2’ the coupling coefficient is 
-
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l A X 
‘ ^ , ' _ 八 
guide 1 I >1' V , , , d 
^ 
guide 0 ； V 
- . . -
Fig. 4.2 Coupled planar slab waveguide. Mode fields in each slab waveguide overlap. 
• - - • -
(4-22) K = — — ^ — — ， 
二 )(K2+丫 2) 
K 
where K = V ^ ^ X ^ , 7 = P is the propagation constant of an isolated 
slab. Besides, for well-confined modes in a directional coupler formed by two 
rectangular waveguides, with the transverse electric field distribution of each 
individual guide as shown in Fig. 4.3, the coupling coefficient due to mode coupling 
is 
(4-23) K = ， ^ e 
The parameters are already defined in the Marcatili's method of rectangular 
waveguide analysis discussed in Chapter 2. This equation has been used for an 
extensive analysis of the coupling between parallel channel waveguides directional 
coupler [4.5]. 
Equation (4-23) was used to investigate the effect of channel width and 
separation on the coupling coefficient as a function of dielectric discontinuities An, 
— 
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The calculated results for an embedded GaAs channel waveguide directional coupler 
are shown in Fig. 4.4，with ^73=1, ^,=3.3737+Aa7,巧=3.3737 and the wavelength of 
light is 1.55 j^m. 
A X 个 X 
• - • . A ； . 
门2 i 门 1 门2 d： ~COS(Ky) j 
. . .家糧 t 
E 小 Ey 
‘ ’ 八 ： . 
〜e(y y ~cos(K x) \ � e 
j . � � 
？ > y 
\ b 广 
Fig. 4.3 Transverse electric field distribution of an individual rectangular channel. 
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Fig. 4.4(b) Coupling coefficient K versus index difference An between the core and the 
substrate at different channel width w.. 
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Fig. 4.4(b) Coupling coefficient K versus index difference An between the core and the 
substrate at different channel separation s 
— 
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4.2 Multi-channel Directional Coupler 
Consider a directional coupler formed by an identical channel waveguides as 
shown in Fig. 4,5. It is expected that optical power coupled into a single waveguide 
wil l continuously coupled out sideways into neighbouring channels. The coupled 
mode equations (4-3) and (4-4) for dual-channel coupler is extended and the 
amplitude of the electric field in the 一 channel is 
(4-24) ^ ^ = / ( H , ⑷ - ( z ) - , X 4 , , + 】 ⑷ "二 0，±1，±2，...， 
where (3 is given by (4-5). It is evident from (4-25) that, since only three consecutive 
channels are considered, mode coupling between non-adjacent guides are negligibly 
� - small. Again, if light is only coupled into channel 0 at z=0, then 
(4-25) /lo(0) = C，4,(0) = 0 n类0. 
and hence the power in the «th channel is given by 
(4-26) P,Xz)-\ASzt = C'Jl{2Kz)e-^. 
where J^ is the Bessel function. 
1 [一 一 二 ^ 
light coupled i .喊>:似;•務：放年ik。^^；^ ^ ^ 
into guide 0 ^ 
only 2 枯 B ^ g 辦 燃 絕 會 ‘ 
I i ^ 
A ' — 一 . . . . … . . 一 一 . . . . • ‘ . 一 … . . ‘ ^ 
guide / > 1 Intensity profile 
number, 乙 at the ouptut of 
the coupler 
Fig-4.5 Seven-channel directional coupler. Light is coupled into guide 0 only but 
optical intensity is obtained at the output of all channels due to mode 
coupling. 
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Somekh et al [4.6] applied to a multi-channel directional coupler formed by 
the proton implantation into GaAs. The experimental results agreed excellently with 
the theory. Coupling coefficients determined from experiment were compared that 
calculated using (4-23) for well-confined modes. Despite the fact that modes in the 
channels were indeed not well-confmed, the experimental value was very close to 
the theoretical value obtained from (4-23). 
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Chapter 5 
Waveguide Formation by Ion Implantation 
5.1 Introduction 
In general, the methods for waveguide fabrication can divided into two 
classes according to the location of the optical guiding region with respect to the 
substrate. One class of methods produce waveguides with guiding layer situated 
above the top of the substrate and in the other class, guiding layer is embedded under 
the surface of the substrate.- For the former, external materials for waveguide • • -
formation cover the top of the substrate and results in step-index waveguides, while 
in the latter, the index of the substrate surface is modified by external agents and it 
usually leads to graded-index waveguides. Some common fabrication techniques is 
given in Table 5.1 [5.1]. External materials can be added on the top of the 
waveguide substrate by deposition or epitaxy [5.2, 5.3]. These two techniques are 
very common in the semiconductor industry. High-index materials can be deposited 
physically by such method as (1) sputtering, in which the material is bombarded by 
energetic ions and thereby atoms of molecules are ejected and allowed to "sputter" 
on the substrate, or (2) thermal vapour deposition or evaporation, in which the high-
index material is vaporized by the action of heat and then deposited on the top of the 
substrate. High-index materials can also be deposited chemically by using gaseous 
vapour to react with the substrate and subsequently deposited on it, which is known 
as chemical vapour deposition. In the epitaxial technique, layers of waveguide 
rnaterials with superior crystal quality and uniformity are grown on a crystal 
substrate. The lattice constant and crystal structure of the grown materials are similar 
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Waveguide Fabrication Techniques 
Location of Fabrication Techniques Examples 
guiding layer 
Above the Deposition Physical Sputtering, 
substrate surface Thermal vapour 
(Step-index) deposition, 
Dip and spin coating of 
polymer film 
Chemical “ CVD, Polymerization 
Epitaxy LPE，VPE，MBE 
Embedded in the Thermal diffusion Metal in-diffusion 
substrate surface (In-diffusion or out-diffusion) .. 
(Graded-index) 
Ion migration Proton exchange 
Ion Implantation Proton Implantation 
. . -• • • . . . 
Table 5.1 Waveguide fabrication techniques. 
high-index GaAs, are grown on a GaAs substrate to form a waveguide structure in 
which the epitaxially grown GaAs serves as a guiding layer and is sandwiched 
between air on and AlGaAs [5.4]. This method is favourable for waveguide 
fabrication in semiconductors. 
On the other hand, waveguides can also be formed by increasing the index of 
出e substrate by means of thermal diffusion, ion migration of ion implantation. An 
example of thermal diffusion is metal in-diffusion in which a metal film is deposited 
on a substrate and the metal ions are thermally driven into the substrate. An increase 
in refractive index occurs at the regions where diffusion takes place. Ion migration 
has been a mature technique in the fabrication of waveguides in glass and 
ferroelectric materials such as LiNbO;. For example, LiNbO] waveguides are 
formed by the exchange of the lithium ions Li+ in the substrate with protons H+ of 
比e a solution of benzoic acid at where the substrate is immersed. The process is also 
known as "proton exchange" [5.5]. 
Besides, waveguides can also be formed by implanting energetic ions into a 
substrate and the refractive of the implanted region is thereby modified which 
5-2 
Waveguide Formation by Ion Implantation 
leads to the formation of waveguides [5.6]. This chapter will emphasize on the 
discussion of various aspects of waveguide formation by ion implantation. 
5.2 Physics of Ion Implantation 
Ion implantation [5.7, 5.8] has long been used for doping semiconductor in 
semiconductor industry. In the fabrication of optical waveguides, it is responsible for 
the index modification of the waveguide substrate. As an energetic ion penetrates 
into the substrate, it losses its energy and is brought to rest due to the interaction 
with the electrons and nuclei in the substrate. These interactions are known as 
electron and nuclear stopping respectively. In electron stopping, inelastic collisions 
resulting from Coulombic interaction occurs between the incident ion and the bound 
electrons in the target atoms. The atoms may be excited or ionized but they are not 
displaced. In nuclear stopping, however, target atoms are displaced as they are 
elastically collided by the incident ions. During the bombardments, displaced atoms 
咖 y acquire enough kinetic energy to continue to collide other target atoms. 
Collision cascades until the kinetic energy from the incident ion is entirely 
dissipated. It is therefore evident that lattice disorder happens only during nuclear 
stopping. 
Ion implantation is a random process. Incident ions may be deflected in 
different extent and stopped at different positions inside the substrate. If 尺 is the 
distance travelled by an ion, the projection of R along the direction of incidence 
should exhibit an average value called the projected range Rp with a standard 
deviation called the projected straggle The implanted ion profile n{x) along the 
direction of incidence can be modelled by Gaussian distribution using the two 
parameters [5.3], 
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where S is the ion beam dose and x is the distance from the surface of the substrate. 
The substrate is assumed to be amorphous. Ion profile along the direction 
perpendicular to the incident beam (i.e. lateral) can also be modelled by a Gaussian 
distribution function of the form exp{-y' / 2AR^,) where /\Rpi is the projected 
lateral straggle along the lateral y direction. 
In this project however, multiple implantation was carried out for waveguide 
formation. The substrate is implanted with oxygen ions for several times at different 
energies and doses in order to produce a uniform doping profile and thick implanted 
� layer. Gaussian-distributed ion profiles resulted from each single implantation were 
superimposed to approximate the resultant doping profile. 
ion beam 
“ I I I I I ‘ 
个 _ 
\丫 -1.0 \ 
/ r 
~ � \ ~ ^ y 
2a 
Fig. 5.1 Normalized lateral ion profile. 
In masked ion implantation, which was employed in the fabrication of 
oxygen implanted waveguides in this project, attention should be paid to the lateral 
straggle of ions accompanying the lateral radiation damage under the mask. It limits 
the minimum line size of the pattern and the pattern resolution degrades. Refer to 
Fig. 5.1，ion profile under a thick, infinitely long mask with a slit of width 2a is 
given by [5.7] 
(5-2) ‘ 力 • 炭 ) - 响 哉 ) : ’ 
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where n{x) is defined in (5-1). Ion concentration just at the edge of the mask and at a 
distance of 1.28 M p i from the edge are respectively 50% and 10% of the peak ion 
concentration under the mask. For the channel waveguides fabricated by masked 
multiple ion implantation in this project, it was estimated from the Monte Carlo 
simulation program TRIM (TRansport of Ion Matter) that the lateral projected range 
under the mask was about 0.4 to 0.5 jim. 
Another phenomena to be mentioned is ion channeling. It occurs when ion is 
implanted through the open space between row to target atom of a single crystal 
substrate. The ions predominantly suffers from electronic collisions only. In this 
case, Gaussian distribution is no longer applicable to describe the doping profile as 
the ions can penetrate deeper into the substrate with minimal nuclear interactions. To 
alleviate this problem, for GaAs, it is necessary to tilt the substrate about 7° with 
respect to the direction of the incident beam [5.3, 5.9]. Another method is to increase 
the ion dose so that the surface of the substrate is damaged to yield an amorphous 
layer at where the incident ion beam is deflected randomly and channeling is 
overcome. 
5,3 Lattice Damage and Annealing 
5.3.1 Lattice 
Damage 
As mentioned in last section, atoms of a substrate are only displaced by 
incident ions through nuclear interaction, hence it is the primarily origin of lattice 
damage. The effect of lattice damage depends on the mass of the incident ion [5.3, 
5.9]. 
For light ions, the major interaction with the lattice is electronic stopping 
while nuclear stopping is dominant only at the end of the ion range. Fast light ions 
吐e initially slowed by electronic interaction until efficient and sufficient energy loss 
is possible for nuclear elastic collision. Light ions can therefore penetrate deeper into 
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the substrate. Small amount of displacement damage occurs along the ion track 
except near the end of the track where nuclear stopping process takes place. Light 
ions are therefore favourable implant species for waveguide formation because they 
produce less surface damage and offer a flexibility in the thickness control due to the 
long ion range. Implantation-induced defects accumulates along the ion ranges until 
it reaches the critical concentration for amorphization. 
For heavy ions, nuclear stopping is the major interaction and hence 
substantial lattice damage in the form of clusters appears along the whole ion track. 
Evidently, projected ranges for heavy ions are relatively shorter and lattice 
displacements occur soon after the ion is implanted through the surface. The damage 
clusters leads to the formation of amorphous layer and complete amorphization is 
achieved when damage clusters merge. “ — 
Damage profile is usually closer to the substrate surface when compared with 
the ion profile, or in other words, while most incident ions settle deep inside the 
substrate, dislocations primarily take place at a shallower position where most 
vacancies are situated. 
5.3.2 Annealing 
Optical waveguides formed by ion implantation usually exhibit a substantial 
optical loss. For example, waveguides formed by proton implantation with doses 
greater than 10^5 cm-2 may possess optical losses greater that 200 dB/cm [5.10]. 
Annealing after implantation is therefore necessary to remove the implantation-
induced lattice defects and minimize optical attenuation. In implanted GaAs, lattice 
damage includes amorphous layer, twins, line defects (dislocation loops) and point 
defects [5.9]. Annealing conditions vary and depend on the ion doses and ion spices. 
At low annealing temperatures (150°C to 200°C), the amorphous layer is annealed to 
form recrystallized layer, yet it is still flill of defects which should be removed by 
subsequent annealing at elevated temperatures. Annealing at 400°C； to 500°C is 
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capable of removing such defects as twins and stacking faults in the recrystallized 
layer. However, the removal of line defects resorts to annealing at temperature 
higher than 700 °C while an annealing temperature above 750°C is required to 
remove point defects. Nevertheless, complete removal of implantation-induced 
defects still seems to be an insurmountable task. For example, dislocation loops still 
persists in Be-implanted GaAs after rapid thermal annealing at 800°C for 3 seconds 
and the dissociation of point defects are unsuccessful even after annealing at 1200°C 
[5.11]. 
Furnace annealing and rapid thermal annealing (RTA) are commonly used 
for the removal of lattice defects. In both methods, the surface of the implanted 
GaAs substrate should be protected when the annealing temperature is above 600°C 
because at the temperature, GaAs dissociates and volatile arsenic gas is liberated 
thereby deteriorating the surface stoichiometry. Liberation of arsenic can be 
suppressed by encapsulation, arsenic overpressure and proximity method. The last 
method，in which the surface of GaAs substrate is in face-to-face contact with 
如other GaAs wafer, is commonly used because of its simplicity and not requiring 
如y additional processing steps. However, while the two face-to-face slices are being 
handled during delivery, the implanted surface may be scratched to yield 
niicroscratches. Moreover, bake-on contamination may also be introduced due to the 
presence of dirt on the GaAs wafer. 
In furnace annealing, if the annealing time is so long that thermal diffusion of 
implanted ions is significant, the Gaussian ion profile broadens and the ions 
penetrate further into the substrate. A better control of the ion profile resorts to rapid 
thermal annealing, which has been adopted in this project. The range of annealing 
t如e is 1 to 100 seconds. A conventional heat source is an array of halogen lamps 
which is located above or below the sample. The surface of the implanted GaAs is 
usually protected from being dissociated by the proximity method. 
5 - 7 
Waveguide Formation by Ion Implantation 
5.4 Index Change due to Implantation 
A rigorous theory for the index modification in GaAs due to oxygen ion 
implantation is still unavailable although ion implantation has been a common 
technique for the fabrication of optical waveguides in crystalline materials. This is 
probably due to the complex mechanism of the implantation and the ensuing 
damaging process. Nevertheless, a few mechanisms are available to at least 
qualitatively explain or model the index change of materials. 
For insulating materials, refractive index is related to such physical 
properties as the polarizability of the constituent molecules or ions (scattering 
particles), the composition, chemical bonding, lattice structure, density and stress. A 
~ “ classical theory that relates the material's macroscopic property,'refractive index n, 
to the microscopic properties mentioned above is the Lorentz-Lorenz formula by 
which the index change An is given by [5.6, 5.12] 
.c AN ( - l ) ( n - +2)YAV AA 广） 
OJ) —= ； + — + F . 
n V jyV a J 
This expression indicates that refractive index can be altered by modifying the 
polarizability a and the density (volume V) of the ions/molecuies of the material. 
Structural changes resulting form the modification of the other physical properties 
祉e collectively considered though the term F. 
On the other hand, waveguide formation by the implantation of substitutional 
dopants has reported. The substitutional dopants modifies the index of refraction by 
J^eplacing lattice atoms with dopants and thereby locally altering the composition of 
the material. p+-rr-n+ optical striplines has been reported by the implantation of Be+ 
ions into GaAs to form a p+ loading stripe for the stripe-loaded waveguide [5.10]. 
Refraction index can also be modified by the implantation of non-
substitutional dopants. Modification in this case is due to implantation-induced 
lattice disorder. Index enhancement has been observed by implanting such non-
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substitutional ions as He, Li and C into fused silica. For lithium ion implantation, 
refractive index increases linearly with ion dose, and at the wavelength of 0.633 
it can be approximated by the empirical formula 
(5-4) … 0 + 2 . 1 x 1 0 - 2 丨 C， 
where hq is the refractive of fused silica before implantation, and C is the ion dose 
[5.13]. 
Another mechanism for index modification is the plasma effect (free carrier 
absorption). In certain semiconductors, implantation induce lattice defects that lead 
to the formation of traps by which free carriers in the implanted layer are trapped 
and thereby reducing the local free carrier concentration. As refractive index 
increases with decreasing free carrier concentration, the implanted layer exhibits a 
higher index than that of the substrate and it thus serves as a optical guiding layer. 
The index change in the implanted layer can be described by using the classical 
electromagnetic theory for the index change in dielectric medium due to the 
presence of plasma [5.10，5.12], ‘ 
/c 5 � A 
(5-5) = ~ ~ 
OTT So«m c 
where N is the free carrier concentration of the substrate, n is the substrate index 
before implantation, m* is the effective mass of carriers in the substrate, Xq, C and SQ 
吐e respectively the wavelength and speed of light and the permittivity in free space. 
This expression assumes that the carrier concentration in the implanted layer is much 
less that in the substrate N, in other words, effective compensation is assumed such 
that most carriers in the implanted layer are trapped by the defect trapping centers. 
This mechanism has successfully modelled the index change proton-implanted 
Waveguides in GaAs [5.14, 5.15]. Plasma effect is also responsible for the formation 
of proton-implanted waveguides in materials such as GaP [5.16]. 
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5.5 Waveguide Processing Techniques 
Fabrication of ion implanted waveguides employs techniques similar to those 
used in semiconductor IC fabrication. Briefly speaking, it requires a photomask 
containing the pattern of the geometric shape of the waveguide. The pattern is then 
transferred to a layer of photoresist coated on the top of the substrate by lithography 
and subsequently, it is processed by etching or lift-off technique for waveguide 
formation [5.1-5.3]. Photolithography and etching process carried out for the 
fabrication ion implanted waveguides will be discussed in this section. ‘ 
5.5.1 Photolithography 
I 
~ - - The first step of photolithography is to coat a layer of photoresist on the ——- ‘ 
substrate. With the substrate placed on a spinner, the thickness of resist can be ； 
；1 
controlled by the spin speed, and it is also proportional to the viscosity of the resist. 
Prior to exposure, the spin-coated resist is baked in order to remove the solvent in , 
the resist film and hence the hardness and adhesion of resist are enhanced. Following i 
resist coating, the mask pattern is transferred by exposing the resist-coated substrate 1 
with ultra-violet light through the photomask. For line size in the order of a few 丨 
niicrometers as in the case of optical waveguides, ultra-violet light is a adequate as 
the optical diffraction is not significant. 
A common exposure method is contact printing in which the photomask is in 
direct contact with the resist-coated substrate. However, in order not to damage the 
mask:，it is usual to lift the mask above the substrate so that a small gap of 10 jim to 
恥 M-m is in between them. This is called proximity printing. The resolution is 
inevitably degraded as a result of the occurrence of diffraction at the edges of the 
mask. Another method is projection printing in which the mask and the resist-coated 
substrate are separated by several centimeters and pattern transfer is accomplished 
by using a lens. Nevertheless, contact printing is favourable enough in most cases 
一 
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and it has been indeed adopted for the fabrication of the ion-implanted waveguides 
in this project. 
After proper alignment between the mask and the substrate, UV exposure is 
carried using a mercury lamp. For positive resist, the exposed regions are developed 
and removed by spraying or dipping it with the developer solution (for negative 
resist, the exposed region remains and the inverse of the mask pattern is transferred). 
The remaining resist is then baked again to enhance its hardness to act against 
subsequent etching or lift-off process. This completes the resist patterning process. 
5.5.2 Processing Techniques 
Conventional lift-off technique and etching [5.1-5.3] employed in 
semiconductor device fabrication can be used to fabricated optical waveguides. They 
are selected depending on the type of waveguides to be formed. Dry etching is a 
_ r e popular technique for fabrication and it has been applied to the fabrication of 
ridge type optical waveguides. It is preferred to wet etching, which employs liquid 
chemical as etchant, because the latter is an isotropic etch which means that the 
etching process in not uni-directional and the substrate region under the resist mask 
can also be etched away (undercut). This is detrimental if the line size of the pattern 
is less than 1 fim and leads to resolution degradation. Dry etching adopts gaseous 
ions or plasma as etchant. According to the etching mechanism, dry etching is 
classified into sputter, plasma and reactive ion etching. Reactive ion etching (RIE) is 
the technique that has been adopted in this project. It can be regarded as a 
combination of sputter etch and plasma etch. The reactive ions, acting as etchant, are 
generated from the RF discharge of molecular gases. These reactive ions are 
accelerated and bombarded into the substrate as in the case of sputter etching. 
Etching is accomplished as a result of, firstly, the physical ejection of substrate 
atoms due to sputtering and also the formation of volatile compound produced from 
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the chemical reactions between the reactive ions and the substrate. As RIE is 
anisotropic, mask pattern can be accurately transferred. 
Attention should be paid to the selectivity of etchants between the resist and 
the substrate. If the photoresist is strong enough to act against the attack of the 
etchant, it is already an etching mask and etching can be carried out directly by 
exposing the resist-coated substrate under the etchant. However, if the etchant is so 
corrosive that not only the substrate but also the resist mask are etched, or when the 
resist is not capable of protecting the substrate for subsequent fabrication process, as 
in the case of ion implantation that was employed in this project, a stronger mask 
should be used instead. 
In this project, metal film was used as an implantation mask while - • 
photoresist serves as an etching mask. Detailed description of the fabrication of ion 
J 
, I 
implanted waveguides will be given in Chapter 7. Materials such as gold, nickel, • 
platinum and tungsten are commonly used the metal mask. Metal mask is also 
I 
formed by the lithographic technique described in last sub-section with the aid of 丨 
etching. Firstly, the substrate is coated with a layer of metal film by sputtering or , 
evaporation, then photoresist is spin-coated on the metal film and thereby ！ 
sandwiching the film between the substrate and the resist layer. Photolithography is ‘ 
4 
then carried out to yield patterned resist windows on the metal film. At this stage, 
the pattern is transferred to the metal film by reactive ion etching. A common 
etchant of metal is CCI4. The metal film is exposed under reactive ions through the 
photoresist mask for the formation of a metal mask for energetic ion implantation or 
subsequent corrosive etching process. 
一 
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Chapter 6 
Optical Loss in Waveguides 
6.1 Loss Mechanisms in Optical Waveguides 
Propagation loss is an important characteristic that indicates the quality of a 
waveguide. Optical attenuation can be due to such mechanism as absorption, 
I 
scattering and radiation. For semiconductors, absorption loss is usually the dominant 
mechanism. It primarily involves interband, carrier and impurity absorption [6.1-3]. 
—� - - - In t e rband absorption occurs in direct-gap materials in which electrons in the valence 
band are excited to the conduction band due to the absorption of photons. The 
energy of photon should be greater than the energy band gap of the semiconductor 
material. For indirect gap materials, phonons are also involved in the transition 
process. To reduce interband absorption, one should only allow long-wavelength 
light to transmit along the waveguide so that the photon energy is insufficient for 
such transition. Band gap engineering can also be adopted to tailor the bandgap of 
binary semiconductor compounds by the introductign of additional elements so that 
for a given wavelength of light, band-to-band transition is avoided. For GaAs, the 
extinction coefficient at a wavelength greater than 1 \im is negligible. 
In doped semiconductors, free carrier absorption is an important loss 
mechanism in which electrons in the conduction band, or holes in the valence band, 
are promoted to higher energy states within the same band. In such transition, 
phonons or ionized-impurity scattering are involved to conserve momentum. From 
the Drude's theory, optical losses caused by free carrier absorption CLfCA is 
approximately given by [6.4] 
(6-1) a -
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where N is the carrier concentration, Xq and c are wavelength and speed of light in 
vacuum, e is the electronic charge, m* is the effective mass of the carrier, n is the 
refractive index of the material, and t is the scattering relaxation time. Heavily 
doped GaAs (with N�1018 cm-3) usually exhibits a loss of 10-20 cm"' [6.5]. Notice 
that while is proportional to N, the change in refractive index due to carrier 
absorption decreases with increasing N (equation (5-5)). Another expression that 
accounts for different modes of scattering is given by [6.4] 
(6-2) a厂(.d = AX^Q + BX^ + CX"， A,B,Care constants, 
in which a^^^ increases with ？^ 1 . 5，a n d respectively for acoustic phonon, 
optical phonon and ionized-impurities scattering. Evanescent waves of guided 
modes that penetrate into heavily doped substrate or cladding layers will suffer 
greatly from free carrier absorption. Design waveguides - with good optical 
confinement can reduce such absorption. 
Optical loss is also contributed from various carrier transition mechanisms 
involving the impurity levels or deep levels being introduced in the band gap [6.4]. 
For example, it includes excitonic transition, which is closely related to the optical 
properties of semiconductor [6.6] and multiple-quantum-we 11 waveguide structure, 
and donor-to-acceptor absorption. 
On the other hand, scattering in the waveguide or at its boundaries can also 
leads to optical loss. In an ideal unperturbed waveguide, all modes are orthogonal to 
each other, but in the presence of inhomogeneities of the dielectric medium, 
waveguide irregularities or imperfections such as voids, contaminant atoms and 
crystalline defects within the waveguide, the modes are interdependent and coupled 
to each other. Scattering is severe if the size of the imperfections are large when 
compared with the wavelength of light. As a low-order guided mode propagates 
along an imperfect waveguide, mode conversion occurs and energy is coupled into 
high-order modes, which exhibit greater radiation losses because they are closer to 
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cut-off. Energy of the guided mode losses through the mode conversion to lossy 
substrate-radiation modes (refer to Fig. 2.2 in Chapter 2). 
^ T ' - 爪 X 
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Fig. 6.1 Determination of the scattering loss due to surface roughness. 
On the other hand, roughness of the interfaces between the guiding and 
cladding layers is critical to the scattering loss of a waveguide. It is determined by 
the fabrication process. In general’ high-order modes experience a greater scattering 
loss. It is evident from ray optics that light rays of high-order propagating modes 
experience more reflections at the waveguide boundaries and thereby suffering 
intense interactions with the irregularities at the interfaces. Based on the Rayleigh 
criterion [6.7], scattering loss caused by surface roughness is given by 
(6 3 � a = ^ i f c o s ^ e . Y 1 





In this expression, Xq is the wavelength of light in vacuum, is the angle of 
incidence and d is the thickness of the slab waveguide as shown in Fig. 6.1. C12 and 
CJ13 are the variance of the surface roughness of the lower and upper interfaces, I/7 
and 1/5 are respectively the penetration depths into the cladding and substrate layer 
6 - 3 
Optical Loss in Waveguides 
for the propagating mode, which have already been defined in Chapter 2. As is 
larger for high-order modes, it is obvious from (6-3) that the corresponding 
scattering loss is greater. Also, the last factor in (6-3) indicates that the loss 
decreases with increasing waveguide thickness and penetration depths. This implies 
that a well-confined modes with short evanescent tails will suffer greater scattering 
loss than those propagating modes with long decaying tails. Implication from 
equation (6-4) is that scattering loss is substantial if surface roughness is much 
greater than the wavelength. 
Mode conversion also occurs in curved waveguide. As a low-order guided 
mode propagates in a curved channel waveguide, energy is coupled into high-order 
radiation modes and thereby leading to radiation loss. Intuitively, ir is anticipated 
that the larger the radius of curvature of the curved channel waveguide, the greater 
the ensuing radiation losses. It can be shown [6.8] that the bend loss a 細 j is related 
to the radius R by 
(6-5) cc細…丨 e-c,: 
where q and c � a r e constants relating to the waveguide dimensions and the mode 
shape. Bend loss is very sensitive to the radius of curvature. This limits the 
minimum size of optical integrated circuits. 
In general, surface scattering losses are greater for high-order modes (with 
larger angle of incidence 9^), absorption losses and losses due to scattering in the 
waveguide are independent of the propagating modes. 
6.2 Principle of Propagation Loss Measurement 
Although it is difficult to measure the various optical losses independently, 
irrespective of the type of loss mechanism, optical attenuation is conventionally 
modelled by the Beer's Law that as light travels along a lossy waveguide from 
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position zq to :：卜 the initial power decreases exponentially to depending on 
the attenuation coefficient a of the waveguide. Mathematically，it means 
(6-6) = z,〉“，oc�0. 
The attenuation coefficient is thus an important parameter that indicates how lossy a 
waveguide is. It is given by 
(6-7) a = ^ ， 
or in terms of dB per unit length, 
(6-8) a 仙 = 
7 — 7 
心1 、0 
This two quantities are related by 
(6-9) a j B = ( 1 0 l o g , o ^ ) - a ~ 4 . 3 a . 
There are several methods available for the measurement of the attenuation 
coefficient of a waveguide [6.2,6.9]. A simple method is the cut-back method in 
which the output power from a waveguide with different length is measured. Other 
methods includes the scattering light measurement [6.10-6.14], prism coupling 
method [6.15，6.16], photothermai method [6.17] and Fabry-Perot interference 
technique [6.18-6.24]. Popular methods such as cut-back method, scattering light 
method and the Fabry-Perot method will be discussed in this chapter. 
6.2.1 Cut-back Method 
In this method, a laser beam of constant power is launched into the cleaved 
or polished input facet of a waveguide and the transmitted power and the length of 
the waveguide are measured. Then, the length of the waveguide is reduced (i.e. cut-
back), and the transmitted power and its length are recorded again. This process is 
repeated to obtain a series of data of transmitted power at different length. These 
data are fitted to equation (6-6) and the attenuation coefficient can then be obtained. 
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It is obviously a destructive testing method as waveguides have to cut during the 
measurement. Although this method is simple in principle, a number of precautions 
should be noted. In reality, the semi-log plot of transmission versus waveguide 
length is not strictly linear, but a graph of scattered data points around a line. The 
ideal model described by (6-6) should be modified [6.25] by including the input 
coupling loss oCin, output coupling loss a_，and the Fresnel reflection loss apres 
(see Fig. 6.2). Accordingly, the transmission is governed by 
(6-10) 4 = . 
where L in the length of the waveguide, a^^ and are introduced because the 
transmitted power is affect by the input and output coupling conditions. Coupling 
losses are" generally unknown. The linearity of the graph of transmission versus 
length depends on the repeatability of the coupling condition at each measurement. 
Thus, optimum coupling is required through maximizing the output power measured 
so that the coupling condition is about the same in the course of measurement. 




(a) Model for cut-back method. 
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(b) Refined model for cut-back method. 
Fig. 6.2 Diagrams illustrating the cut-back method. 
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micropositioners. Besides, the quality of the input and output facets also affect the 
reflection loss. Substantial reflection loss can be introduced due to poor facet quality 
and the transmission is altered. The facet should be processed carefully to maintain a 
good facet quality throughout the measurements. Moreover, as semiconductor 
waveguides possess high reflectivity, the effect of Fabry-Perot resonance is 
significant and it exists as a side effect of the cut-back method. The Fresnel 
reflection loss apres is thus modified to become a periodic function of I . 
In spite of the stringent requirement of a stabilized coupling condition 
throughout the measurements, acceptable accuracy can be achieved by obtaining 
more data so that the errors arising from the variations in coupling conditions may 
be balanced. Measurement errors and the reproducibility of the coupling conditions 
can be revealed from the correlation coefficient of linear regress ion. . -
6.2.2 Scattering Light Method 
As light propagates along a waveguide, its power losses gradually due to 
Rayleigh scattering. Assume that the scattering centers are uniformly distributed in 
the waveguide and the scattered power is proportional to the total guided power and 
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Fig. 6.3 Schematic Setup of the scattering light method for waveguide loss 
measurement. 
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the number of scattering centers, then the scattered light can be a measure of the 
propagation loss of the waveguide. Fig. 6.3 shows the schematic of the experimental 
setup of the scattering light method. Light from a laser source is end-coupled into a 
waveguide. Owing to scattering, a light streak appears on the surface of the 
waveguide as the guided light propagates. The image of the light streak is captured, 
digitized and eventually saved as a disk file using a computer-controlled infrared 
camera. Details of the camera system will be discussed in next chapter. The variation 
in scattered power with the propagation distance of the guided light can be obtained 
by a scanning along the light streak. From (6-8)，the scattered power decreases 
exponentially with propagation distance, the attenuation coefficient is thus 
- d e t e r m i n e d from the slope of the semi-log plot of scattered power against the 
…propagation distance. 
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Fig. 6.4 Propagation loss measurement of a Ag+diffused planar LiNO-^ waveguide. 
The scattering method was applied to measure the propagation loss of a Ag+ 
diffused LiNO] slab waveguide. Fig. 6.4 shows the plot of scattered light verses 
propagation length. The measurement was performed at the wavelength of 1.3 fim. 
The slope of the graph indicates that the waveguide exhibits a loss of 1.6 dB/cm. 
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The accuracy of the measurement depends on the homogeneities of the 
scattering center distribution，the scattering power, as well as the sensitivity of the 
infrared camera. 
6.2.3 Fabry-Perot Interference Technique 
As a waveguide and its two cleaved facets constitute a Fabry-Perot cavity, 
the transmitted light intensity from the waveguide is modulated periodically by 
changing the cavity length or the wavelength of light. Loss measurement is possible 
because the transmission is dependent on the optical loss. Analysis based on the 
concept of multiple reflections will be considered, followed by the discussion of a 
more rigorous electromagnetic treatment using the Maxwell's equations. 
E, 
门3 Ei E2 
Fig. 6.5 Multiple reflections of a plane wave at the interfaces. 
Consider a plane parallel absorbing slab of refractive index n : (hereafter 
medium 2), surrounded by medium 1 (refractive index ny) on one side and medium 3 
(refractive index n]) on the other side as indicated in Fig. 6.5 [6.26]. When a 
monochromatic light is incident from medium 1 to 2 at an angle 0�•’ the incident 
wave is divided into two waves, the reflected and transmitted (refracted) waves, and 
multiple beam reflections occur at the slab surfaces. At each reflection, part of the 
incident wave is reflected from the interface and the rest is transmitted through the 
interface. The angle of refraction is related to 9/ by the Snell's Law, 
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sin0,. 二打：sin9,. Suppose the incident wave is linearly polarized (TE or TM) and 
the complex amplitude of the electric vector is Let a be the amplitude attenuation 
coefficient of the absorbing slab, the amplitude of the electric vector will be reduced 
by a factor of e""^, where L is the distance travelled by the wave inside the lossy 
slab. The phase difference between any pair of successive transmitted waves as 
shown in Fig. 6.5 is 
471 
(6-11) b = —n,hcosQ,, 
入0 ‘ 
where Xq is the wavelength of the monochromatic light in vacuum and n时 is the 
effective refractive index. It can be shown that (refer to Appendix 2) by summing the 
transmitted electric fields E^, E:,…，the transmitted intensity 八 is given by [6-27] ‘ 
(6-12) " 叫 1 — 2/^  乂 二 
where /'• = EiE* is the intensity of the incident wave. Notice that when a=0, the 
above equation is reduced to 
厂 1 
(6-13) /, = 7 /【•， 
which is the well-known formula for the transmitted intensity of a conventional 
Fabry-Perot resonator with no absorption. 
The transmitted intensity reaches its maximum when 5=2m7C where m is an 
integer, whereas minimum intensity occurs when 5=(2m+l)7：. The maximum and 
minimum transmitted intensities are 
r p l - l O L 
(6-14a) max[/, ] = 7 A 
( 1 - i ? 严） 
(6-14b) min [ / J = - ； 
The fringe contrast K, is defined by 
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( 6 - 1 5 ) 厂二 二 [ l l ^ f 
Hence, the field attenuation coefficient a is given by 
(6-16) a = — I n 
2L • 
and the power attenuation coefficient a^=2a. Equation (6-16) indicates that a can be 
obtained if K, R and L are known. For normal incidence, 9,. = 9, = 0°, L equals the 
thickness of the slab h，and the phase difference is reduced to 
(6-17) — “ 1 ^ . 
If the phase is varied by scanning the wavelength around the wavelength 
difference between two consecutive resonance peaks, the Free Spectral Range 
仏FSR, is given by 
(6-18) � 
For normal incidence, the power reflectivity R is the same for either TE or TM 
polarized light, which is given by 
/ \2 
(6-19a) R= ^ ^ ^ 
Moreover, if the surrounding medium is vacuum, n i= l , and R is further reduced to 
(6-19b) ^ ^ . 
In conclusion, if the phase given by (6-17) is altered, for example, by tuning 
the temperature of the waveguide and thereby inducing a change in refractive index 
and cavity length, or by varying the wavelength of the incident light by using 
tunable sources, the transmitted light from the waveguide will be modulated. By 
measuring the maximum and minimum transmitted intensities, the attenuation 
coefficient can be determined using (6-17). 
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Fig. 6.6 Calculated transmission of a lossy Fabry-Perot etalon with optical field 
attenuation a=0 (loseless), 0.5, 1 and 2 cm-1. 
Fig. 6.6 shows the general behaviour of the normalized transmitted intensity 
as a function of 5 for various values of a . When there is no attenuation (a=0)，the 
transmitted pattern is exactly the same as that of an ordinary lossless Fabry-Perot 
resonator. When a increases, the contrast decreases and if the absorption is 
substantial, the normalized transmitted intensity approaches unity which means there 
is no contrast at all. This indicates that the contrast K is bounded, that is, 
(6-20) • 
The maximum value of K is limited by the power reflectivity R at the slab's end 
facets and in turn the refractive indices of the slab and its surrounding medium, as 
indicated in equation (6-19a). To enhance the contrast, the slab end facets can be 
mirrored by the deposition of dielectric thin film stacks so as to increase the power 
reflectivity. 
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Accurate values of fringe contrast can be obtained provided that the loss of 
the waveguide is not too large. For a waveguide with high absorption loss, an 
obvious contrast in the transmitted light may not observed since the background 
noise may mask the weak contrast 
It has been discussed so far that the transmitted intensity from a waveguide 
can be modulated periodically by tuning its optical cavity by various means. In 
practice however, it happens that although the transmitted intensity is modulated, 
irregularities may be observed instead the calculated transmission as shown in Fig. 
6.6. One of the possible reasons is that, to-adopt the Fabry-Perot method, a laser 
beam is required to be coupled into and out of the waveguide. Unfortunately, the 
lenses themselves are Fabry-Perot cavities too and the system under test indeed 
consists of several cavities cascaded in series. Hence, equation (6-12), which 
governs the transmission of a single Fabry-Perot cavity, becomes inadequate and it 
resorts to the fundamental consideration of the electromagnetic fields through the 
multilayer film [6.26，6.28-29]. 
For a stack of thin homogeneous films, its reflectivity and transmissivity can 
be obtained by solving the Maxwell's equation for the fields propagating in the 
multilayer film, with the application of appropriate boundary conditions. Consider a 
lightwave passing from a semi-infinite medium of index hq through a multilayer film 
to another semi-infmite medium of index as shown in Fig. 6.7. The multilayer 
film consists of N layer of homogeneous films, the refractive indices and the length 
of the films are /^i, n:’ ••., tin and /!，/之，…’ In respectively. It can be shown that for a 
TE wave travelling along a multilayer film, the incident and transmitted fields at the 
/ h film can be related by the transfer matrix [6.28] 
cos(kji.1； cos6,.) -~— sm(kr,n；L cos0；) 
(6-21) M j = 0 ) � 丨) p j “ " 
- i p j s'm{kQnjlj cosG^.) cos(众o�L cos6y) 
where 
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Fig. 6.7 Light propagating through a multilayer film. 
(6-22) p = l ^ c o s Q j , 
in which 8j and are the permittivity and permeability of the jth film respectively. 
For non-magnetic media, }ij=l，and (6-22) is reduced to 
(6-23) p j = ^ J^cosQj = rij cosQ, 
For TM waves, the parameter pj in (6-24) should be replaced by qj, which is given 
by 
(6-24) ^ c o s e , . 
Extending this concept to the system of multiple layers, the electromagnetic 
fields transmitted through the pile of films is related to the incident fields by a 
transfer matrix M that characterizes the multilayer film. It is given by the product of 
the transfer matrices of each individual film, that is, 
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m,丨 m” 
(6-25) M = M,iM, Mj M^ = , 
- fru, rru, 
嶋 -4 -- _ 
where my are the elements of the transfer matrix M. 
The reflection coefficient r^/ and the transmission coefficient r饥/ of a 
multilayer film can be obtained from the matrix elements by the following 
equations, 
(6-26) � , 二 (m,, 
" " ' ' O i l + 爪 +(外-1 +%2Av + 1)’ 
(6_?7) t I 二 •， 
and the power reflectivity R^i and transmissivity T^i of the multilayer film are 
( 6 - 2 8 ) . . . . . . .. —— 
(6-29) T „ „ = - ^ \ t J . 
Pn^I 
When N=\ (i.e. a single film), if nQ=n2=\, the transmissivity obtained from (6-29) is 
consistent to that obtained from equation (6-13). This indicated that the 
electromagnetic treatment is a complete method for the analysis of the Fabry-Perot 
cavities while the analysis based on multiple reflection is merely its special case. For 
absorbing films, the problem can be tackled by replacing the replacing the refractive 
indices nj by [6.29] 
(6-30) n j - i k j (y = l，2，...，A0， 
where kj is the extinction coefficient of the f ^ film and it is related to the power 
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Chapter 7 
Fabrication and Measurement of Optical Waveguides 
This chapter emphasizes on the principles of measurement and the practical 
aspects of the experimentation and techniques that should be noticed in the 
fabrication and measurement of the oxygen ion implanted waveguides for this 
research project. 
7.1 Fabrication of Optical Waveguides 
7.1.1 Fabrication of waveguides in GaAs by MeV oxygen ion implantation 
The waveguides being investigated in this research were fabricated by the 
implantation of oxygen ions into GaAs substrate. Masked ion implantation was 
employed to produce channel waveguides and directional couplers. The fabrication 
process can be roughly divided into two stages: (1) mask formation, and (2) ion 
implantation. 
Mask Formation 
The process of mask formation is summarized as follows accompanying the 
illustration in Fig. 7.1. 
(1) Tungsten was used as the material for the implantation mask. Firstly, a 
layer of 1.5 ixm thick tungsten was deposited on the surface of the 
GaAs substrate. 
(2) The tungsten was patterned by standard photolithography. A layer of 
positive photoresist was applied on the top of the tungsten layer. 
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Fig. 7.1 Schematic diagram of the fabrication process of oxygen implanted channel 
waveguide in this project. 
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(3) The layer of photoresist was exposed through a photomask which 
contained the pattern of lined channels. The channel width was 6|im. 
For the directional couplers, the channel separation was also 6 jim. 
(4) Exposed photoresist was removed down to the tungsten layer to yield a 
striped pattern of photoresist on its surface. The resist remained would 
serve as a mask to protect the tungsten below from being etched away 
in the subsequent process. 
(5) The stripes of tungsten re-exposed to vacuum was etched down to the 
surface of the GaAs substrate by reactive ion etching. 
Eventually, a striped pattern of tungsten mask was formed on the top of the GaAs 
substrate and it was ready for ion implantation. — 
Ion Implantation 
To ensure the channel waveguides formed by implantation was thick enough 
for waveguiding, mega-electron-volt oxygen implantation was required. Moreover, 
multiple implantation was adopted to obtain a flat doping profile and hence 
implanted layers with uniform thickness. In this project, the masked GaAs substrate 
was implanted at five different accelerating voltages ranging from 190 keV to 3 
MeV, and the ion doses at each implantation was around 1015 cm-2. Fig. 7.2 shows 
the doping profile resulting from multiple implantation at five combinations of 
accelerating voltages and ion doses. The doping profile of each implantation was 
approximated by a Gaussian distribution and the ion projected ranges and projected 
straggles of oxygen in GaAs at various have been obtained from the Monte Carlo 
computer program TRIM (TRansport of Ions in Matter). The resultant doping 
profile resulting from multiple implantation was the sum of the individual Gaussian 
profiles due to each single implantation. The thickness of the implanted layer was 
approximately defined by the ion projected range, which was about 3jim. 
Implantation-induced lattice damage, which could lead to substantial optical losses 
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Fig. 7.2 Calculated doping profile in implanted GaAs formed by multiple oxygen ion 
implantation. ( ) doping profiles at individual implantation;( ) 
composite doping profile. 
in the implanted layer was partially removed by rapid thermal annealing (RTA) at 
600 °C for 9 seconds. 
7.1.2 Waveguide End facet Preparation 
To characterize a waveguide by coupling laser light into its end facets, the 
waveguide should possess two parallel and smooth end facets. If the size of the 
waveguide sample is large enough, e.g. 1 cm x 1 cm, it is easy to obtain smoothly 
cleaved end facets simply by using a scriber. However, if the size of the waveguide 
is just a few millimeters, or if a waveguide with short cavity length is required, the 
waveguide should be thinned down by polishing prior to cleaving. 
As implanted waveguides usually possess substantial optical loss, the light 
transmitted through a long waveguide may be too weak to be detected. Thus, in this 
project, the length of the implanted waveguides must be reduced appropriately so 
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that a detectable intensity level of light can be coupled out from the waveguide for 
the characterization of the optical losses. 
Polishing 
Waveguide samples can be thinned down by mechanical polisher, but in this 
project, waveguide thickness has been reduced manually and the process is described 
as follows. Firstly, a round aluminium polishing fixture was prepared and the 
waveguide would be ground with the aid of the fixture. The front surface of the 
sample was adhered onto the holder by using wax and the back side are ground. A 
" - — 
piece of filter paper was inserted between the polishing fixture and the surface of the 
waveguide sample in order to prevent the surface from being scratched. To stick the 
sample onto the polishing fixture, the fixture was firstly placed an oven at about 200 
�C and then the tip of a bar of solid wax {Crystalbond 509 Adhesive, Aremco 
Products, Inc.) was put at the center of the holder until some wax was melted on its 
surface. A small piece of filter paper was placed on the molten wax and then molten 
wax was applied again on the filter paper The top surface of the sample was then 
faced down and placed on the molten wax on the filter paper. The holder together 
with the sample were removed from the oven to let them cooled down until the wax 
solidified. A schematic diagram of a waveguide sample being stuck on a polishing 
back of waveguide ^ fornt of waveguide 
Ig^mjgHmjgjjgll^g^^^^ ^ ^ second layer of wax 
filtef paer—^；；；；；；；；；；；；^；；^；；；^；：；：^；：；：；：；；^  first layer of wax 
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Fig. 7.3 Schematic diagram illustrating a piece of waveguide sample being stuck on a 
polishing fixture using wax. 
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fixture is shown in Fig. 7.3. Water-cooling might be used to facilitate the cooling 
process when the wax was nearly dried. In addition to the waveguide at the center, it 
was advisable to stick, near the rim of the fixture, several pieces of void samples 
with the same thickness as the waveguide. This ensured that pressure were evenly 
exerted on the waveguide at the center and hence uniform thickness reduction was 
enabled. 
Next, calcined aluminium oxide powder {Logitech) with a grain size of 3 |im 
and a small puddle of polishing suspension fluid {Type SFI, Logitech) was put on a 
piece of glass plate. With the fixture turned upside down, the back of the sample was 
ground on the glass plate. Initially, the sample was ground with a circular motion, 
then a figure-8 motion was applied in the subsequent grinding with the holder being 
rotated in the meantime. Only light pressure was exerted on the fixture. By this 
grinding technique, a waveguide with uniform thickness could be produced. It was 
estimated that, under the conditions mentioned above, the time taken to reduce a 
GaAs waveguide sample by 200 jim was about 3 to 4 minutes. The thiclcness was 
monitored in the process of grinding by a micrometer gauge. It was also found that 
cleaving was mostly facilitated when the thickness was about 200 |xm to 250 |im. 
Although the formation of smoothly cleaved end facets would be benefited from the 
further reduction of sample thickness, handling of the waveguide became 
increasingly difficult and it could be smashed easily. 
When the optimal thickness was attained, the fixture was placed on the oven 
again in order to melt the wax and the ground sample was removed with great care. 
The sample was then immersed into acetone to remove the residual wax retained on 
it. The cleaning process continued with the immersion of the sample into isopropyl 
alcohol to wash off the residual acetone and then rinsing by de-ionized water was 
followed. The sample was dried under a stream of pressurized nitrogen gas to avoid 
the formation of water stain on its surface. This completed the thickness reduction 
process and the sample was ready for cleaving. 
7 - 6 
Fabrication and Measurement of Optical Waveguides 
Cleavin e 
Firstly, a sheet of rubber or other spongy material was prepared and a piece 
of filter paper was placed on the top of it. Then, with the waveguide's top surface 
facing upwards, it was scratched slightly at the edge where an end facet was to be 
located by using a scriber. The waveguide was then turned upside down and moved 
onto the said filter paper. On the back of it, the tip of a pair of tweezers was pressed 
slightly at the position where the scratch has just been made. As a result of the 
spongy material, a crack would be formed naturally along the scratch and a smoothly 
cleaved end facet was produced. This technique is illustrated schematically in Fig. 
7.4. Following the same procedure, the other end facet would be obtained. Provided -
that the original sample was hot too small, a waveguide with a length as short as—one —“ 
millimeter has been produced by this technique even if the waveguide thickness has 
not been reduced appropriately. 
front of waveguide back of waveguide 
,__\ I ： V press here 
么,�:：^: ： :r�：";、、‘��仇！ ： X using a tweezer 
Fig. 7.4 Cleaving a waveguide for the formation of smooth end facets. 
7.2 Measurement of Optical Waveguides 
7.2.1 Laser Sources 
The major laser sources used in this project are a laser diode and a tunable 
laser source. The laser diode is a Seastar PM-450A-1550 {Mitsubishi ML974A2F) 
1-1 
Fabrication and Measurement of Optical Waveguides 
pigtailed distributed feedback (DFB) laser diode module. Its wavelength is 1553 run, 
the rated CW power is 2.27 mW and the side mode suppression ratio is 40 dB. It is 
equipped with a photodiode to monitor the optical power, a thermoelectric cooler 
(TEC) and a thermistor to control the operating temperature of the DFB laser. 
Hence, the power and temperature of the laser diode can be stabilized by feedback 
control. The thermoelectric cooler controller used is a Model TC2 TEC Controller 
from the New England Photoconductor and the laser driver employed is a Model 
520 Laser Diode Driver from the Light Control Instruments, Inc.. With the Model 
TC2 TEC controller, the resistance of the thermistor can be measured with an 
.. • • •• 
accuracy of ±0.005 kQ, which corresponds to a temperature stability of ±0.01 °C. 
With the Model 520 laser diode driver, the photocurrent generated by the monitor 
photodiode inside the DFB" laser diode module can be measured to and accuracy of ' " ' 
±0.01 mA, which corresponds to an optical power stability of ±0.8 }iW. 
In order to avoid electrostatic damages to the laser diode, the laser diode has 
been packed inside a shielded metal chassis. Any electrical connections are made 
only through shielded cables. The pigtail bare fiber of the laser diode is fused with a 
piece of connectorized (FC/PC) single mode fiber cable using a fusion splicer. The 
cormectorized end of the fiber is attached to a "FC/PC union" (an interface adapter 
used for the butt-joining of two pieces of FC/PC connectorized fiber cables) 
mounted on the metal chassis. Hence, light can be delivered from the laser diode via 
the connector interface simply by attaching a piece on connectorized fiber to the 
other side of the FC/PC union. This act protects the pigtail bare fiber of the laser 
diode and excess tension or stress exerted on the fiber is avoided, although a slight 
coupling loss of 0.2 dB is sacrificed at the butt-joint in the FC/PC union. 
Another laser source employed is the Hewlett Packard HP 8168A tunable 
laser source. The laser is an InGaAsP Fabry-Perot laser. The wavelength can be 
tuned between 1500 nm to 1565 nm and the minimum tunable step is 0.001 nm. The 
laser is supplied with a connector interface and optical output is obtained by 
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attaching a connectorized fiber cable to the optical output connector on the 
instrument. It should be noticed that as the optical termination at the laser output is 
angled, only fiber cables with matched angled-facet should be used or the stability of 
the output power is deteriorated. It was found that attaching a piece of fiber cable 
with straight connector (i.e. the fiber-end is a butt-cleaved) to the angled termination 
of the laser output results in a 10% instability in the measured power. Such 
enormous power instability makes it difficult the propagation loss measurement of a 
waveguide by the Fabry-Perot method. The instability hinders the observation of 
cavity resonance especially when the waveguide under test is lossy as in the case of 
ion-implanted waveguides. ‘ “ 
Wavelength [rnn] — 1550 
PowersetonHP8168A(Pset) l>W] 400 800 400 800 
Max. power measured (Pmax) [i^W] 265 528 267 534 
Min. power measured (Pmin) 236 470 235 470 
Average power (Pavg) |>W] 251 500 249 499 
Coupling efficiency: Pavg/Pset 63% 62% 62% 62% 
一 Stability: (Pmax-PminyPavs 11% 12% 13% 13% 
Table 7.1 Power delivered from the HP8168A laser via a piece of single mode fiber 
cable with straight connectors. 
Wavelength [nm] \ 5 n 1550 
Power set on HP8168A (Pset) 400 800 400 800 
Max. Power measured (Pmax) 242 485 244 487 
Min. Power measured [{iW] 240 481 243 483 
Average Power (Pave) [11W] 241 483 243 487 
Coupling efficiency: Pavg/Pset 60% 60% 61% 61% 
Stability： (Pmax-Pm丨nV^avg 0.9% 0.8% 0.5% 0.3% ‘ = = I I I I I 1 I r -
Table 7.2 Power delivered from the HP8168A laser via a piece of FC/APC single mode 
fiber cable with angled connectors at one end. 
This problem is alleviated by attaching fiber cables with angled connectors 
whose fiber-end is angle-polished (e.g. FC/APC) and an instability of less than 1% is 
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observed. Table 7.1 and 7.2 show the results of the power stability test using fiber 
cables with straight and angled connectors. Optical power was measured using the 
Hewlett Packard HP 8153A Lightwave Multimeter and the duration of the stability 
test in 5 minutes. 
As back-reflected light reachnig the laser cavity can distort the single 
longitudinal mode spectrum of a laser diode and result in multi-longitudinal modes, 
linewidth broadening or narrowing [7.1，7.2], attention should be paid to minimize 
such reflections. This can be achieved by using fibers with angled end facets or 
lenses coated with anti-reflected films. Optical isolators can also be used. Although a 
60 dB optical isolator is built-in inside the tunable laser source, if the light reflected 
back from the device under measurement is substantial, an additional optical isolator 
• should be used to prevent the reflected light from affecting the emission 
characteristic and the output power stability of the laser. 
7.2.2 Guided Wave Excitation 
In waveguide characterization experiments, it is required to couple light into 
the waveguide and transmitted light is measured. Guided wave can be excited by 
prism-coupling, grating-coupling or end-coupling [7.3-7.5]. Prism-coupling are 
commonly used in glass waveguides and prisms are employed to coupled light into 
waveguides. Grating-coupling requires the fabrication of grating on waveguide 
surface, through which light is launched into the waveguide. End-coupling is a 
transverse coupling technique in which light is incident on a exposed cross-section 
of a waveguide. It can be implemented by focusing light onto the waveguide via a 
microscope objective lens, which is known and end-fire coupling. In this technique, 
precise positioning of optical components are needed. Another implementation is 
called the end-butt coupling in which single mode fibers are butt coupled to 
waveguides. These two transverse coupling technique will be considered, following 
the discussion about the positioning apparatus involved. 
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Experimental Setup for End-Coupling 
The major apparatus for optical coupling is a micropositioning system. It 
involves an input positioner, an output micropositioner and a waveguide holder. In 
end-fire coupling, the input and output positioners are used to position the 
microscope objective lenses mounted on them. 
Vertical z A 
Gz丫aw 
ey Pitch _ 
^ ^ ^ j 
、 ……- Logitudinal x . 
Horizontal y (Optic axis) 
Fig. 7.5 Definition of axes for micropositioning. 
Since the position where incident light is launched into the waveguide is very 
critical for efficient coupling, the input positioner is required to possess a high travel 
resolution. A Photon Control MicroBlock D positioner was used for this purpose. It 
has a translation resolution of 0.1 [im. 
For the output positioner, a Photon Control MicroBlock M positioner was 
employed. The positioner has a coarser travel resolution of 1 [im, but since the 
position of the output objective lens is less critical for efficient coupling, it is good 
enough for such purpose. 
The waveguide holder used was a Photon Control DM IT four-axis 
waveguide holder. It offers four independent degrees of freedom for the precise 
orientation and translation of the waveguide mounted on it. A waveguide mounted 
on this holder can be translated along y and z-axis. Moreover, the waveguide can be 
tilted in two orthogonal directions. Rotational movements are required for optical 
alignments because coupling efficiency is very sensitive to the orientation of the 
waveguide with respect to the direction of the incident light, especially for channel 
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waveguides. Hence, it is necessary to ensure that light is normally incident upon the 
waveguide by appropriate tilting in the and directions (see Fig. 7.5). The travel 
ranges and resolutions are shown in Table 3 and Fig. 7.6 shows the photograph of 
the micropositioning system. 
Model Photon Control Newport 
5 M D M I T 561 X Y Z + 561 TILT 
Degrees of x-y-z x-y-z y-z-Gy-e^ x-y-z-Gy-G^ 
Freedom 
Maximum 4 m m 4 mm y: ±6.5 m m x-y: 13 mm 
丁ravel z: ±3.0 m m z: 10.4 m m 
VQr； 土5� 
Resolution 0.1 ^im 1 |nm y-z: 1 ^im x-y: <1 ^im 
• - • - . 一 _ 
I Qv-0z: 10 arc sees z: <1.25 urn 
Tabel 7.3 Movement ranges and resolutions of the micropositioning systems. 
M l i g i n •[. 1 “ i i i imBm 
Fig. 7.6 End-fire coupling system 1: It consists of two 3-axis micropositoners and a 4-
axis waveguide holder (Photon control). 
In order to enhance the flexibility of the micropositioning system, it has been 
modified by replacing the three-axis input and output positioners with five-axis 
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positioners. The two additional degrees of freedom are By and movements. It 
means that in addition orthogonal translations, the objective lenses can be also be 
tilted in dy and G^-direction also. The five-axis positioner is composed of a Newport 
561-XYZpositioner and a Newport 561-TILT tilt mount. With Newport AJS-0.5 fine 
adjustment screws, the travel ranges and resolutions are shown in Table 7.3. The 
tilting capability offered by the tilt mount allows the tilting of the objective lenses 
and enables a flexible and convenient control of the orientation and the position of 
the waveguide with respect to the incident beam. Without the tilt mount, the angle of 
incidence can only be adjusted by tilting the waveguide using the four-axis 
waveguide holder. Fig. 7.7 shows the photograph of the coupling system. 
Fig. 7.7 End-fire coupling system 2: It consists of two 5-axis micropositoners 
(Newport) and a 4-axis waveguide holder (Photon control). 
End-Fire Couvlin<? (Lens-tn-Wavp.^uiHp. Coupling') 
The following briefly summarizes the procedure for end-fire coupling of 
infrared laser light. Fig. 7.8 shows the schematic experimental setup adopted. 




































































































































































































































































































































Fabrication and Measurement of Optical Waveguides 
Firstly, coarse alignment was achieved by 633 jim HeNe laser. Laser light 
was coupled into the one end of a single mode fiber cable (FC/PC connectorized) via 
a Meji 5X or I OX microscope objective lens. The coupling was achieved using a 
single mode fiber coupler {Newport F-915). The other end of the fiber was then 
mounted onto another single mode fiber coupler in which a lOX laser diode lens 
{Newport F-LIOB) was installed. Its purpose was to control the divergence and spot 
size of the laser beam at the entrance of the input objective lens. Two mirrors 
{Melles Griot 02ML0011 round flat mirror with 07MHT001 mirror holder) were 
then placed in such a configuration that the laser beam from the second coupler 
would go in a zigzag path. The orientation of the mirrors were adjusted in two 
orthogonal directions and the flexibility in micropositioning was enhanced by the 
… increase in the degrees of freedom. The beam was steered until it was levelled. A：‘ 
f 
polarizer was used if the polarization dependence of propagating modes are of 
interest. 
Using the red laser beam as a visible guide line of the optic axis, the three 
micro-positioners, with the lenses and waveguide mounted separately on the each of 
them, were then aligned appropriately. Prior to precise alignment, the separations 
between the waveguide and the objective lenses were adjusted to be approximately 
equal to the their working distances. In the course of micorpositioning, the direction 
of the back-reflected light from the lens surface and waveguide end facet serves as 
an useful indication of the normal incidence of laser beam. 
After the coarse alignment using HeNe laser, the light source was then 
switched to an infrared laser source. With the aid of an infrared camera system, 
subsequent fine adjustments of the orientation and position of the optical 
components in the system were carried out to achieve an optimum coupling of 
infrared light into the waveguide. For channel waveguides, the requirements for 
optimum coupling that light should be normally incident on the waveguide is eveo. 
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more stringent. Optimum coupling is deteriorated even for a few degrees of angular 
misalignment. 
Butt Coupling (Fiber-to- Wave^dde Coupling) 
In this method, light from a laser is first coupled into one end of a piece of 
single mode fiber and the guided light emitted from the other end is directly 
launched into a waveguide without passing through any bulk optical component. It is 
practically simpler than end-fire coupling via lenses because the position, where 
invisible infrared light is launched into the waveguide is approximately defined by 
the tip of the fiber, which can be located and positioned easily under a microscope. 
For optical coupling into a channel waveguide, the end of the fiber-is simply 
.— positioned to the channel of interest with the aid of a microscope. The orientation of 
the fiber and its position with respect to the waveguide are fine-tuned using the 
micropositioning system to attain efficient optical coupling. Coupling efficiency 
increases when the distance between the end facet of the fiber and the waveguide's 
input facet is reduced. 
Polarization p — • 
Controller ( I f i T J infrared 
, V V V 八 y Laser Source 
I Microscope 
\ Objective 
、 \ 1 Lens 
\ A . 
、一... r - ^ r ； ^ ~ ~ I n f r a r e d 
^ ^ Waveguide Camera 
Single mode fiber Substrate 
mounted on 
Micropositioner 
Fig. 7.9 Schematic diagram for end-butt coupling. 
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However, as light is delivered from the laser source directly to the waveguide 
via a piece of fiber cable, it is impossible to insert a polarizer in between them. 
Polarizing the light from the laser resorts to the use of a polarization controller. Fig. 
7.9 and Fig. 7.10 show the experimental setup for butt-coupling. It is similar to that 
for end-fire coupling except that the input objective lens is replaced by the fiber and 
a polarization controller is used instead of the polarizer to obtained linearly polarized 
laser light. Moreover, a microscope is used to monitor the relative position between 
the fiber and the waveguide. Fiber cables with small core diameter is preferred for 
efficient power coupling. _ 
Fig. 7.10 A Photograph of the experimental setup for end-butt coupling. 
7.2.3 Intensity Profile Measurement 
Intensity profile of the near field pattern (NFP) is an important characteristic 
of a waveguide. From the profile, the number of modes and their dimensions can be 
determined. In addition, the symmetry of the waveguide and its coupling efficiency 
to other optical devices can be obtained. Fig. 7.11 shows the experimental setup for 
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intensity profile measurement. The key apparatus is an computer controlled infrared 
video camera. The camera system used involves a vidivon camera {Hamamatsu 
microscope video camera C2400-3), a camera controller {Hamamatsu C2400) and a 
monitor {Hammatsu C1846-03). The video signal output from the camera controller 
is transmitted to an image processing card {Imaging Technology PCvision Plus 
Vidicon ^ Camera 
^ ^ ^ ^ ^ ^ Camera Controller 
Optical 
Input . - -y 
Computer 
with 
——- .....- Image 
.Processing ^ Monitor 
Card 
Fig. 7.11(a) Video camera system for measuring mode intensity profile. 
Frame Grabber). The card has been installed in an IBM compatible personal 
computer to digitally record the intensity profile. It digitizes the image into 256 
levels (8 bits) and partitions it into pixels. The level at each pixel is assigned 
according to the intensity at that pixel. The digitized image is stored into the card's 
frame memory, which can be accessed by the computer and saved as a disk file. 
Despite the high sensitivity to weak intensity, the vidicon camera has a poor 
linearity. Calibration must be carried out by comparing the known intensity of a 
light source with the corresponding digitized data. The optical intensity P and the 
corresponding digitized output from the vidicon camera are related by the following 
expression, 
(7-1) P = A F \ 
where ^ is a proportionality constant, x was found to be 0.7 for the vidicon camera 
used. 
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P ^ l J 
^BBBm^ u I I I I iM..“Mi I I I I i-r.M “ 
" J — — k 鄉 赞 — d t • ‘ 
Fig. 7.11(b) Photograph of the camera system. 
To capture the near field pattern of a waveguide, firstly, light from a laser 
should be coupled into the waveguide, the NFP at the output facet is magnified using 
a microscopic objective lens and imaged onto the infrared camera. Because of the 
small size of the NFP, typically a few micrometers, the output lens should possess a 
high magnifying power so that the captured image is large enough for subsequent 
analysis. A 40X or a lOOX objective lens has been used for this purpose. The 
magnification m due to the lens can be approximated by the Newton's equation from 
the geometrical theory of optical imaging, 
(7-2) m = j - \ , 
where v is the image distance and f is the focal length of the lens. In addition, the 
NFP imaged on the detector of the camera is further magnified by a factor of 15.5 by 
the camera system, before being displayed on the monitor. Hence, the overall 
magnification should 15.5 x m. It should be noted that, the NFP should be focused 
on the camera with great attention in order to minimize the error in magnification 
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and to obtain an accurate intensity profiles. An accurately focused NFP is needed for 
the calculation of refractive index profile. Moreover, to obtain a sufficiently 
magnified intensity profile, the image distance v should be increased by placing the 
camera far behind the output objective lens. However, for laser diode with small 
output power (e.g. 1 mW) or lossy waveguides, the light output attenuates 
considerably after travelling such a long distance and the level of power detected can 
be so weak that the adverse effect of background noise becomes significant. The 
degradation in signal to noise ratio can introduce error in the intensity profile and the 
subsequent calculation of the refractive index profile. 
•• • . • 
The digitally stored NFP from the computer controlled camera system can be 
used to reconstruct the index profile of the waveguide, which is known as the near-
field method, using scalar or vector wave equation [7.6-7.9]. Determination of the 
refractive index profile is primarily a software task. The digitized image is firstly 
converted into a matrix containing the intensity distribution of the NFP with 
appropriate data smoothing. The digital intensity profile is then used to compute the 
refractive index profile. 
7.2.4 Coupling Coefficient Measurement 
From Chapter 4，the intensity in the channel of a straight channel 
directional coupler is given by 
(7-3) I,Xz)^Jl{2Kz)e-^\ 
where «/” is the Bessel function of the n^^ order, K is the coupling coefficient 
between two adjacent channels due to mode coupling, a is the propagation loss of a 
channel, z is the propagation distance. This expression assumes that light is only 
coupled into the Oth channel at z=0 and negligible coupling occurs between non-
adjacent channels. Hence, to evaluate the coupling coefficient due to mode coupling, 
two data should be obtained from measurement: (1) the length of the coupler, (2) the 
intensity at the output of various channels. 
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The experimental apparatus is same as that for the acquisition of the NFP. 
The first part of the experiment consists of an optical coupling system to couple 
laser light into a single channel of the directional coupler. Next, the IR camera 
system is used to capture the light output from various channels of the coupler. To 
launch light into a single channel, it can be achieved by end-fire coupling or end-butt 
coupling. The experimental details concerning optical coupling has already been 
discussed previously. 
End-Butt Coupling 
As the channel separation of a straight direction coupler is usually small in 
order to facilitate mode coupling, it is possible for light to be launched into more 
than one channel, especially- for light ray with wide beam width. Hence, it is 
necessary to ensure that light is only launched into a single channel. This can easily 
be attained by end-butt coupling. With the aid of a polarization controller, TE 
polarized laser light can be obtained at the output of the fiber. The channels of the 
directional coupler is observed under a microscope and the fiber end is moved 
towards the input facet of the directional coupler to increase the coupling efficiency. 
The movement of the fiber is monitored by the microscope so that it only points at a 
single channel. However, attention should be paid to the situation that the channel 
width and separation are small when compared with the core diameter of the fiber. In 
this circumstance, although the fiber is merely pointed at a single channel and the 
guided light in the fiber core is primarily launched in to that channel, the evanescent 
field in the cladding may be coupled into more neighbouring channels as a result of 
the closely spaced channels. Owing to this physical limitation, butt coupling may be 
inapplicable in this case or fiber with small core diameter should be used instead. 
This situation can be avoided be end-fire coupling. 
End-Fire Coupling 
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With end-fire coupling, it is possible to focus the laser light to a minute spot 
by means of an objective lens and launch it into a single channel only. Whether the 
light is focused onto a single channel can be judged from the intensity profile at the 
output of the coupler and the symmetry of the pattern observed from the monitor of 
the IR camera system. A method has been adopted to make sure that light is coupled 
into a single channel. 
Firstly, laser light being TE-polarized by using a polarizing beamsplitter 
{Newport 10FC16PB.9 polarizing beamsplitter cube with Newport PT-1 prism 
table) is coupled into the channel with the aid of the IR camera. As shown in Fig. 
7.12，notice that the back-reflected light from the input facet travels backwards to 
the polarizing beam splitter at where it is split and portion of the back-reflected light 
travels in a direction perpendicular to the incident beam. If an IR camera is placed at 
position A, the spot size of the incident beam at the input facet can be monitored. By 
moving the input objective lens towards or away from the coupler, the variation in 
the spot size at the input facet can be observed through the camera placed at position 
A. 
In addition,.when visible light is allowed to pass from the output objective 
lens back into the input lens, an enlarged image of the cross-section of the channels 
at the input facet can also be seen on the monitor. The image of the channels may 
not be seen immediately because the focal length for visible and IR light are 
different, it is necessary to properly adjust the lens position until a sharp image is 
obtained. Notice that image of the channels under visible light only serves a 
reference for comparison, the correct lens position should be determined at the 
wavelength (infrared) of interest. 
Hence, by comparing alternately the position and the size of the laser spot 
with the channels' image under visible light, it is helpful to judge whether the laser 
light have been focused into a single. 
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Intensity Pro file Measurement 
Once the optical coupling to a single channel is ascertained, the IR camera is 
replaced to position B (see Fig. 7.12) to observe the intensity at the output of the 
coupler. Probably, further adjustments of the micropositioners are still necessary to 
confirm that the laser light has been coupled into a single channel with the aid of the 
image displayed on the monitor. 
The intensity profile in various channels was measured using the computer 
controlled infrared camera system. The intensity profile was digitized and recorded 
as a disk file for data post-processing using a computer. The light intensity at the 
output of various channels was obtained by performing a horizontal scan of the 
image along the position where the row of channels situate. The coupling 
coefficients was then obtained by fitting the intensity profile of the coupler of a 
certain length to equation (7-3). Couplers with different length can be prepared to 
study the effect of coupler's length on the variation of the intensity profile in various 
channels. 
For waveguides with poor optical confinement, recording the intensity 
profile using infrared video camera may not be suitable. It is because the light leaked 
out from the channel due to poor confinement can travel in the substrate and emit at 
the output facet of the coupler. When the loss is substantial, it will interfere or even 
mask the intensity profile in various channels. If the optical confinement is not too 
weak，IR camera may still be used but the "leaked" light coming out from the output 
facet should be blocked by a slit in order to reduce its interference to the desired 
intensity profile. However, for substantially poor optical confinement, it is resorted 
to the following experimental arrangement. Instead of recording the intensity in all 
the channels simultaneously using the IR camera, the intensity in each channel is 
measured separately. With the aid of the IR camera, a pinhole or an adjustable iris is 
placed between the output objective lens and the camera and only the guided light 
from a channel is allowed to pass through the iris whilst the "leaked" light is 
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spatially filtered. A germanium photodiode is then placed behind the iris to measure 
the power contributed from that channel. The same procedure is repeated for the 
other channels of the coupler. Having recorded the intensities in various channels, 
equation (7-3) is used to compute the coupling coefficient. Despite the 
inconvenience, this technique minimizes the interference of the leaked light. 
7.2.5 Propagation Loss Measurement by the Fabry-Perot Method 
As discussed in Chapter 6, the transmitted light from a waveguide can be 
modulated by altering the optical phase difference 5，and optical attenuation can be 
determined from the modulated intensity. The phase difference depends on cavity — 
length and the wavelength of light, 
(7-4) 3 = 
K 
Cavity length or the effective index can be altered by changing the temperature of 
the waveguide, and wavelength of light can be changed by means of a tunable laser 
source. The former technique is known as temperature scan while the latter is called 
wavelength scan. 
For either temperature or wavelength scan, it should be guarantee that there 
exists only a single source of modulation that alter the transmitted intensity because 
it is difficult to analyze and interpret experimental results obtained from a combined 
sources of modulation and thereby errors are into the loss measurement. It is evident 
that there is a need to employ linearly polarized laser light (e.g. TE or TM polarized) 
because the effective index is polarization dependent. The effective index and hence 
the polarization should be kept constant throughout the measurement. Besides, 
temperature of waveguide should be constant during wavelength scan and the 
wavelength of light should be fixed during temperature scan. 
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On the other hand, all measurements should be carried out on an air-floating 
optical bench to avoid any vibrations that may interfere the transmitted light. 
Besides, it is better to enclose the waveguide and the micropositioning system inside 
a plexy glass cover so as to prevent any air current or sudden ambient temperature 
change from affecting the system. All fiber cables and patchcords used should be 
fixed firmly because the intensity of the polarized light varies as fibers are moved. 
The stringent requirement of the stability of the system will be emphasized in the 
discussion of the loss measurement. 
The experimental methods used in this project to implement the Fabry-Perot 
method will be discussed below. In both temperature or wavelength scan, optical 
coupling is achieved by end-fire coupling. -
•••• — •— — . —. . . • 
Temperature Scan 
In this scanning method, a distributed feedback laser diode at the wavelength 
of 1.55 Jim is used as the laser source. The temperature and optical output power of 
the laser diode is stabilized by means of a laser diode current driver and a 
thermoelectric cooler controller. A stabilized optical power is very important to this 
experiment. The instability in optical power can be an undesirable source of 
modulation in additional to the intentional temperature change introduced to the 
cavity. The observed modulation becomes a combined result of the optical power 
instability and temperature change imposed. If the instability is substantial, its 
influence would mask or even dominate over the modulation due to temperature 
change and thus it becomes difficult to extract the desired signal. 
Fig. 7.13 shows the apparatus of this experiment. Light from a stabilized 
laser source was linearly polarized and the launched into a waveguide by end-fire 
coupling. Temperature change was imposed on the waveguide and its temperature 
was monitored. The transmitted power was recorded by a germanium photodiode or 
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power meter during temperature scan. The waveguide temperature could be altered 
by several methods. Listed below are heating sources that have been used. 
(1) by Conduction: Thermoelectric cooler (TEC), Resistor 
(2) by Convection: Heat gun 
(3) by Radiation: Solder iron 
To heat the waveguide by conduction, miniature TECs or surface mount 
resistors are used because the size of waveguides under measurement are usually 
small. The waveguide is mounted on a holder on which the heating elements are 
adhered. The temperature of the waveguide is controlled by the current through the 
heating elements. To monitor the temperature change, a piece of bulk sample of the 
same material as the waveguide is also placed on the holder, close to the waveguide. 
On that piece-of bulk sample, a thermocouple (Type K) is mounted-to measure the 
approximate temperature of the waveguide. The temperature can be recorded 
directly using a digital thermometer. 
The waveguide's temperature can be altered by two schemes: (1) the 
waveguide is pre-heated (or pre-cooled if TEC is used) to a certain temperature and 
let it returns to room temperature naturally by convection, or (2) the temperature 
may be raised (or lowered if TEC is used) from room temperature to a certain 
temperature. However, to change the temperature monotonically at a constant rate, it 
is resorted to feedback control by which the temperature change is programmed by a 
temperature controller or a computer equipped with analog-to-digital conversion 
capability. 
On the other hand, for radiative heating, waveguide is warmed from above 
through the application of a heat source in close proximity to the waveguide. The 
waveguide is simply placed on a conventional holder and not modification is 
required. 
Heat can also be applied the waveguide from above in the case of convection 
heating. To use a heat gun, the waveguide should be adhered firmly on the holder 
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beforehand to avoid from being agitated by the hot air current and thus maintaining a 
Stable coupling condition. Furthermore, weak air current should be used and it is 
confined to apply only to the waveguide in order not to disturb the coupling 
condition. The waveguide temperature is first raised to a certain temperature by the 
application of the hot air current and then allowed to cool down naturally by 
convection during which the transmitted power from the waveguide is recorded. 
To measure the light transmitted through the waveguide, a pinhole or an 
adjustable iris is placed between the output objective lens and the detector in order to 
block the scattered light from the transmitted beam of the waveguide and thus only 
the guided light is allowed to pass through it. The transmitted power is measured by 
a detector, which is placed behind the iris, while the temperature changes. 
Although temperature scan has been reported [7.10, 7.11] as a feasible 
implementation of the Fabry-Perot method, it introduces several uncontrollable side-
effects and it is found to be troublesome for two reasons. Firstly, a stable 
temperature control is needed. Despite the possibility that stability can be achieved 
in conductive heating by sensitive feedback temperature control, it requires the 
design and fabrication of miniature waveguide holder equipped with temperature 
controlling and monitoring capabilities, which is a difficult task, especially when the 
waveguide to be measured is very small (in this project, the waveguide dimension is 
in the range of millimeters). Stable temperature control is increasingly difficult in 
convection and radiative heating because automatic feedback temperature is 
probably not possible in practice. 
Secondly, optical coupling condition gradually changes during temperature 
scan. Coupling efficiency is seriously altered if the waveguide is warmed by using a 
heat gun because the waveguide is inevitably agitated when hot air is applied to it. 
Among the three methods of heating, coupling condition is least altered in radiative 
heating as the heat source is not in contact with the waveguide. In either method, 
when the waveguide is heated, not only its length but also the substrate width and 
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thickness do increase, coupling efficiency is thereby affected considerably because it 
is very sensitive to the position and orientation on the waveguide. The level of 
transmission decreases dramatically when excessive heat is applied. 
Another demerit of temperature scan is that accurate and direct determination 
of the free spectral range from the period of the modulated transmission is uneasy. It 
requires the knowledge of the rate of temperature change, the thermal expansion and 
the thermal effect on the refractive index of the waveguide material. Thus, free 
spectral range becomes unavailable to serve as an instant consistency check for the 
experimental results. 
Wavelength Scan 
Owing to the disadvantages encountered in temperature scan, the Fabry-Perot 
method for waveguide loss measurement has eventually been implemented by 
wavelength scan [7.12, 7.13]. It possesses the merit that coupling efficiency is 
unaffected during wavelength scan and the experimental procedure is relatively 
simple. The key apparatus for wavelength scan is a tunable laser source. The HP 
8168A external cavity tunable laser is used in this experiment. 
The first part of this experiment is to successfully end-couple light from the 
laser source into the waveguide under measurement. The procedures have already 
been discussed previously. Once coupling has been attained, the tunable laser is set 
to sweep its wavelength in a certain range at specified step and the transmitted 
power is measured at the same time. Fig. 7.14 shows the schematic setup. The 
experimental procedures are briefly summarized below. 
(1) At a fixed wavelength, light from the tunable laser was end-coupled into the 
waveguide under measurement. 























































































































































Fabrication and Measurement of Optical Waveguides 
(2) With the aid of an IR video camera, an adjustable iris was placed between 
the output objective lens and the IR camera to block any stray light and filter 
the scattered light from the transmitted beam of the waveguide. Thereby, 
only the light guided by waveguide was allowed to pass through the iris. 
(3) A light detector (a germanium photodiode or the end of the fiber connected 
to the HP 8153A lightwave multimeter) was placed behind the iris to record 
the transmitted power. It is located at the position where the detected power 
was maximum. 
(4) The tunable laser was set to scan around the wavelength of interest at a 
specified step. The wavelength range and step required for the observation of 
several cavity resonance were determined from the free spectral range of the 
-Fabry-Perot cavity. - -
(5) Measurement of the transmitted power commenced as soon as wavelength 
scan was activated. A graph of modulated transmission versus wavelength 
was then obtained. 
Automated data acquisition was realized in this experiment by using a 
personal computer. The HP8168A tunable laser and the HP8153A lightwave 
multimeter used in this experiment both possess the HPIB (Hewlett-Packard 
Interface Bus) capability as defined by the IEEE 488 standard. They are controlled 
by a computer equipped with an IEEE 488 interface card. When a photodiode is 
used, automated data acquisition is made possible by converting its analog signal to 
digital data through an analog-to-digital card, or using a digital voltmeter with the 
HPIB interfacing capability to digitize the analog signal from the photodiode. The 
tunable laser and the lightwave multimeter are programmed by the computer 
software LAB VIEW from the National Instrument. It offers a convenient and user-
friendly way to control the instruments simply by graphical programming. The 
sequence of the data acquisition programme is described below. 
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(1) The wavelength of the tunable laser and the sensor on the power meter are 
set to the start wavelength of the scan. The averaging time of the sensor is 
also set. 
(2) The system is then idle and thus allowed to stabilize for a specified period of 
time. 
(3) The power meter is acknowledged to read data. It can be programmed to take 
several data and their average is computed. 
(4) As data acquisition at this wavelength is completed, the tunable laser source 
as well as the power sensor are acknowledged to advance its wavelength by 
one wavelength step. 
(5) Procedure (2) to (4) are repeated until the stop wavelength is reached. 
In wavelength scan, because the transmission through the waveguide is 
directly plotted as a function of wavelength, the free spectral range of the cavity can 
be readily read from the graph and compared with the theoretical value to check for 
the consistency of the experiment. 
As mentioned in Chapter 6, the lenses used for end-fire coupling may act as 
parasitic Fabry-Perot cavities that interfere the expected experimental results. So, it 
is advantageous to use infrared lenses to maximize the transmission of infrared light 
and minimize the effect of multiple reflections of infrared light at the interfaces of 
the lenses. On the other hand, owing to the high reflectivity of GaAs (about 0.3), the 
back-reflected light from the end facet of the waveguide back into the laser is 
probably so large that the emission characteristic of the laser and hence the optical 
power stability deteriorates. To alleviate this problem, an optical i s o l a t o r � M P Inc., 
IUA15P) has been connected at the output of the laser in order to attenuate the light 
reflected back from the waveguide. 
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Chapter 8 
Results and Discussions 
This chapter presents the major experimental results about the characteristics 
of the fabricated channel optical waveguides in semi-insuiating GaAs substrate by 
MeV oxygen ion implantation. In addition, preliminary results of characterization 
for the straight channel waveguide directional coupler are also included. 
8.1 Near Field Pattern Measurement 
门3 = 1 
6 _ 
n2=3.3737 
Fig. 8.1 Schematic of the fabricated channel waveguide. The refractive index of the 
GaAs substrate is 3.3737 at the wavelength of 1.55 }im. 
The structure of the fabricated oxygen implanted channel waveguide shown 
in Fig. 8.1. Optical guiding experiments were performed by end-fire coupling of a 
TE mode laser beam to the implanted channel at the wavelength of 1.5 ！am. The laser 
source is an HPS 168A external cavity laser. It was found that the channel waveguide 
supported two guided modes. A digitally stored NFP of the fundamental mode 
captured by the computer controlled camera system is shown in Fig. 8.2. The 
transverse intensity distribution of the fundamental mode is shown in Fig. 8.3. The 
full-width-half-maximum of the vertical and horizontal intensity distribution was 
about 3 阿 and 4.7 |im respectively. 
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Fig. 8.2 3D intensity profile of the fundamental mode of 〇" implanted channel 
waveguide in GaAs. 
:.J / \ I 
."tiJ / / \ \ < horizontal 
vertical 
0 1 -H 1 h 1 1 1 
4 - 3 - 2 - 1 0 1 2 3 4 
Lateral Position (|im) 
Fig. 8.3 Transverse intensity distribution of the fundamental mode of the 
oxygen implanted channel waveguide. 
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Refractive index profile of the channel waveguide has been calculated from 
the NFP of the fundamental propagating mode using the vector wave equation and 
iterative numerical calculation. The maximum increase in refractive index within the 
implanted channel was about 0.015. 
For a step-index channel waveguide with a channel depth of 3 )J.m, and the 
index difference between the core and the GaAs substrate is 0.015, the effective 
index of the propagating modes verses channel width at the wavelength of 1.5 }im 
has already been calculated from the Marcatili's method and the effective index 
method discussed in Chapter 2. The graph is shown here again in Fig. 8.4. At the 
channel width of 6 jam, the calculated results indicated that the waveguide support 2 
modes，the E^ ^ and mode. Although the implanted channel was not a step-index 
guide, but as a qualitative comparison, the theoretical calculation was consistent — -
with the observation of two guiding modes in the implanted channel from the optical 
guiding experiment. To avoid complications in analysis due to the presence of 
3.382 -
X I ^ ^ ^ 
^ 3.380 - X . - - i 
"S 3.378 - / / X . 
沼 / / / V . eY Z . . 
^ • / / / / I i// 1 3.374 1 / / _ , / , /' 
0 2 4 6 8 10 
Channel Width ( _ ) 
Fig. 8.4 Calculated effective index versus channel width for the step-index channel 
waveguide shown in Fig. 8.1 with An=0.015. 
( )Marcatili's method; ( ) effective index method. 
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multiple propagating modes in the waveguides, from Fig. 8.4, the channel width 
should be reduced to about 3 )j.m so that only a single mode is supported. 
In performing the end-coupling experiment, it was found that optimum 
coupling to the 0+ implanted waveguides was difficult to achieve. End-coupling to 
Ag+ diffused LiNO] waveguides and a multiple-quantum-well (MQW) rib 
waveguide had also been carried out for the calibration of the measurement systems. 
However, the alignment requirements for optimum coupling in the LiNO; or MQW 
waveguides were comparatively less stringent and thereby enabling a quick optical 
alignment process. Observations from the near field pattern of the 0+ implanted 
waveguides show that, in addition to the guided waves, significant radiation waves 
were usually observed simultaneously in the substrate of the waveguide. The 
radiation waves interfered the judgement of optimum coupling during the process of 
alignment. Such a weak optical confinement gives rise to an implication that guided 
light may be scattered by the imperfections of the waveguide into the substrate and 
thus leading to the observation of radiation waves at the NFP. Implantation-induced 
waveguide imperfections will be discussed in the following sections of this chapter. 
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8.2 Discussion on the Index Change of the Implanted GaAs 
Refractive index enhancement in n-type GaAs waveguide formed by proton 
implantation has been explained successfully by the plasma effect [8.1]. However, in 
the case of the oxygen implanted semi-insulating GaAs, the free carrier 
concentration is very low (close to the intrinsic carrier concentration, which is 
1.79x106 cm-3 at room temperature), the index change due to free carrier absorption 
is indeed negligible as it is proportional to the substrate carrier concentration, as 
mentioned in Chapter 5. This indicates that the large index change of 0.015 
measured in this project is inexplicable by the plasma effect. Moreover; if the index 
change was really negligibly small, optical guiding would not be observed. This is 
inconsistent to the our observation of waveguiding in the oxygen implanted channel 
guides. 
Even for heavily doped GaAs substrates with high carrier concentration 
(�IOI8 cnr3)，the implanted layers, formed by the oxygen ion implantation into n- or 
p-type GaAs at 190 keV with a dose of 3x 1015 cm-2, exhibit a refractive index 
increase which is an order of magnitude higher than that calculated from the index 
change due to free carrier absorption [8.2]. This further supports our conclusion that 
free carrier absorption does not contribute to index enhancement in the oxygen 
implanted layer in GaAs. 
The amorphization of the oxygen implanted GaAs has been suggested as a 
cause of such an index increase in the implanted region [8.2]. The suggestion was 
posed by drawing an analogy with the observations in ion implanted Si. The index 
change in implanted Si is merely dependent on the state of amorphization of the 
implanted Si layer and similar effect should be observed in oxygen implanted GaAs 
if the implanted layer is amorphized. 
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Implant Species . Critical Dose 
C 1013 cm-^ 
^ 2x1014 cm-^ 
^ 3x1013 cm-2 
Cd 3x1013 cm-2 ‘ I 
Table 8.1 Critical doses for the amorphization of GaAs for room 
temperature implants. 
The existence of an amorphous layer can be considered from the critical dose 
required for amorphization. The critical doses for amorphization of GaAs for room 
temperature implants are listed in Table 8.1 [8.3]. As critical dose decreases with 
increasing mass of i m p l i e d ions, it is expected that the critical dose needed for the 
formation of amorphous layer in GaAs by oxygen ion implantation is in the range of . . . . . 
1014 to 1015 cm"- since oxygen is heavier that carbon. The dosage of the oxygen 
implanted waveguides here ( � 1 0 c m - 2 ) probably exceeded this critical value and 
amorphous layers were formed. 
Although annealing facilitates the epitaxial recrystallization of the 
amorphous layer, the formation of defect-free recrystallized layer is still precluded 
because of the creation of such defect as twins, stacking faults during 
recrystallization. Partial defect removal is possible by performing annealing at 
elevated temperature. However, even after rapid thermal annealing at high 
temperatures, dislocation loops and point defect clusters still remain. It has been 
reported that dislocation loops still persist after RTA at 800°C whereas annealing at 
1200°C is still unable to dissociate the point defects [8.4]. 
Nevertheless, point defects retained in amorphized GaAs after annealing 
should not responsible for the increase in refractive index [8.2]. This is evident from 
the comparison of the refractive indices between crystalline GaAs wafers grown by 
molecular beam epitaxy at low temperature (200°C) and at normal temperature (500 
°C). The former contains a large amount of point defects whereas the latter is fairly 
point-defect-free. Irrespective of the point defect concentration in the GaAs wafers 
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however, both of them exhibit the same refractive index and thereby revealing that 
the presence of point defects in the oxygen implanted GaAs is probably not 
responsible for any significant index change. 
Having eliminated point defects from the possible causes of index change 
due to lattice damage, it is therefore suggested that after the implantation of oxygen 
ions into GaAs, the dislocation loops present at the amorphous layer, even after post-
implantation annealing, probably lead to the observed index enhancement. 
From another point of view, if it is assumed that lattice damage caused by 
implantation does not cause any index modification or the contribution due to 
unannealed lattice damage is insignificant, one will naturally come to the conclusion 
that the observed index change is a result of the implanted oxygen. This is analogous 
to the results from oxygen ion implantation into fused silica [8.5] that ionization 
effects cannot be ignored from the possible causes of refractive index change. 
In Chapter 5，various mechanisms of the index modification in some 
materials have been discussed qualitatively, but the cause for the change in oxygen-
implanted GaAs is still unknown, it is probably because the role of oxygen ions, the 
lattice damage mechanism and their contribution to index change are still not well-
understood. As the refractive index is very sensitive to the electronic structure of the 
material, investigation of the effect of implantation on the modification of the 
electronic structure of GaAs should explore the underlying mechanism for the index 
change observed. Perhaps oxygen implantation induces lattice damages that 
facilitate a certain electron transition and photon absorption mechanism, the band 
structure and thus the absorption spectrum are modified. Absorption spectrum of the 
implanted material is therefore important for revealing the change happened to the 
band structure and identifying the absorption process involved. The ensuing index 
change can be obtained by the well-known Kramers-Kronig relation by which the 
refractive index spectrum can be computed from the absorption spectrum. 
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8.3 Propagation Loss Measurement 
Propagation loss of the oxygen ion implanted channel waveguides in GaAs 
was measured using the Fabry-Perot method implemented by wavelength scan. TE 
mode laser beam was end-coupled into the channel via objective lenses. Propagation 
loss was measured at two different wavelengths, 1532 run and 1550 nm. 
Measurement was performed at 1532 nm because of the consideration of optical 
power stability. The HPS 168A tunable laser delivers a maximum output power of 
1032 )j.W at the wavelength of 1532 nm. If a relatively large output power of 300 
jj,W to 500 |iW are delivered at this wavelength, it will be still much smaller than the 
maximum output power. Hence, operation at this wavelength prevents the laser 
Parameters scan-1 scan-2 
Nominal Wavelength^ (A.q) 1532 nm 1550 run 
Refractive Index of GaAs at Xq 3.3737^ 3.3759^ 
Start Wavelength 1531.9 nm 1549.9 nm 
Stop Wavelength 1532.4 nm 1550.4 nm 
Wavelength Step 0.004 nm 0.004 nm 
Wait Timed l_s 1 s 
Averaging Time® 5 s 5 s 
Output Power from HPS 168A 500 ^W 500 jiW | 
Length of Waveguide 2.5 cm 2.5 cm 
a Nominal Wavelength is the wavelength around which scanning is performed, 
b Obtained from ref. 8.6. 
c Obtained by interpolating the values from ref. 8.6. 
d Wait Time is the time elapsed after the wavelength is advanced by one step and before 
the transmitted signal is recorded, 
e Averaging time is set on the HP8153A power meter and signal is averaged over the 
period of Averaging Time. 
Table 8.2 Parameters used for waveguide loss measurement by wavelength scan 
around 1532 nm (scan-1) and 1550 nm (scan-2). 
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source from being overdriven and thereby minimizing the possibility of introducing 
power instability due to high power operation. Measurement was also performed at 
1550 nm as it is a common wavelength for optical communication. Data obtained at 
this wavelength can also be used with experimental results obtained using the other 
laser source of the same wavelength in this project, the 1.55 |j.m DFB laser. 
Prior to the loss measurement of the oxygen implanted waveguide, the 
measurement system has been calibrated with a waveguide with known loss. 
Wavelength scans were performed around 1532 run (scan-1) and 1550 nm (scan-2). 
The parameters for the measurement are summarized in Table 8.2. Fig. 8.5 and Fig. 
8.6 show the normalized light intensity output from the implanted waveguide versus 
wavelength. 
1 1 I I I I I I I I 
誦 
0.5 - ^ • 
L I 1 1 1 1 I I 1 
1531.9 1532 1532.1 1532.2 1532.3 1532.4 
Wavelength (nm) 
Fig. 8.5 A plot of transmitted light intensity verses wavelength. Wavelength scan was 
performed around 1532 nm (scan-1). 
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Wavelength (nm) 
Fig. 8.6 A plot of transmitted light intensity verses wavelength. Wavelength scan was 
performed around 1550 nm (scan-2). 
The maxima and minima of the resonant peaks were measured for 
subsequent calculation of the power attenuation coefficient using equation (6-16) in 
Chapter 6. It was found that at 1532 nm, the implanted waveguide exhibited a loss of 
about 2.6 cm-1，while at 1550 nm, a relatively larger loss of 3 cm-l was measured 
[8.7]. These values are comparable to that of proton-implanted GaAs waveguides 
[8.1] .Oxygen implantation is superior to proton implantation because, at elevated 
temperatures normally encountered in GaAs processing, there is no diffusion of 
implanted oxygen ions [8.8]. Lower propagation loss is anticipated through the 
reduction of lattice damage by optimizing the implantation and annealing conditions. 
The free spectral ranges measured from the two transmission spectra were fairly 
consistent with the theoretical values with a discrepancy of 6% to 8%. 
However, as predicted theoretically in Chapter 6，it is expected that the 
resonant peaks should exhibit equal amplitude and regular shape, but from Fig. 8.6, 
it is evident that the amplitudes of the peaks are somewhat different and the shape 
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varies, despite the consistency shown in the free spectral range. This may be 
attributable to reflections at the interfaces of the optical components in the system. 
Firstly, as discussed in Chapter 7, it has been found that the stability of optical 
power derived from the tunable laser via a single mode fiber cable is affected by the 
types of connector interfaces used. When a piece of fiber cable with straight 
connectors (butt-cleaved end facet) is attached to the angled optical termination of 
the laser output, such mismatch results in a stability of 10%, which is already large 
enough to hinder the observation of resonant peaks with equal amplitudes and 
regular shapes. 
In the Fabry-Perot method, it is necessary to couple light into the waveguide, 
but as optimum alignment and coupling are achieved, the light reflected back into 
the laser is also" substantial diie' to the large power reflectivity of GaAs. Such 
reflection act as a source of feedback into the laser that alters the emission spectrum 
of the laser source and hence the optical power. 
n=1 
Iens1 n=1.5 /=3mm 
Iens1 Iens2 
A f \ air-gap 1 n=1 / = 1 m m 
i 1 1 _ _ _ _ _ _ _ _ _ 
！ I I m i l l I I I I I I I J I 
r " S M ^ ^ ~ ~ H ~ ~ ""I /=2.5mm 
1 ! j, ！firt藏卜莉巧忽 
少 waveguide ^ — 卩 2 n = 1 M m m 
air-gap 1 air-gap 2 lensZ n=1.5 / = 3 m m 
n=1 
Fig. 8.7 Modelling the end-coupling measurement system as a plie of layers. 
Besides, even the optical power is considerably stable, reflections at the 
interfaces of the optical components in the systems can also make the observed 
transmission departs from that derived theoretically for a single Fabry-Perot cavity. 
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The lenses and air-gaps between the optics may act as parasitic resonant cavities in 
addition to the waveguide under test. For example, the end-fire coupling system 
consisting of the two lenses, the two air gaps between the waveguide facets and the 
lenses, and the waveguide under test may be modelled as a pile of five layers of film 
surrounded by air as shown in Fig. 8.7. The calculated transmission intensity using 
the theory of multilayer film as discussed in Chapter 6 is shown in Fig. 8.8. It is 
evident that the free spectral range, amplitudes and shape of the resonant peaks are 
altered as a result of the parasitic cavities. 
l i ,…-r yyU 
� . 2 : ^ ： 
C I 1 1 1 1 I I I I 
1531.9 1532.0 1532.1 1532.2 1532.3 1532.4 
Wavelength (nm) 
Fig. 8.8 Calculated transmission of the waveguide where (a) parasitic resonant cavities 
are present ( ); (b) parasitic cavities are absent ( )• 
On the other hand, as the coupling efficiency for a channel waveguide is very 
sensitive to optical misalignment, any minute disturbance to the coupling conditions 
such as vibration or ambient air current during wavelength scan would affect the 
transmission of the waveguide. However, the effect of external disturbance in 
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wavelength scan is already less severe than that in temperature scan. Also, as the TE 
mode laser beam used in this experiment is obtained by linearly polarizing the 
elliptically polarized light from the fiber output, the power of the TE mode laser 
beam is thus sensitive to the perturbations to the fiber cable (e.g. bending or 
twisting). When the fiber is perturbed or moved during wavelength scan, the 
polarization of the light at the fiber output changes and so does the power resultant 
TE polarized light, hence it is necessary to fixed the fiber cables firmly in the 
process of wavelength scan. 
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8.4 Observation of Optical Coupling in Directional Coupler 
.，::.,:::A A 
Fig. 8.9 Schematic of the structure of the oxygen ion implanted directional coupler. 
The structure of the oxygen ion implanted directional coupler is shown in • _ 
Fig. 8.9. It is composed of parallel straight channel waveguides fabricated in semi-
insulating GaAs by oxygen ion implantation. The channel width and depth are 6 }j.m 
and 3 |am respectively and the separation of the channels are 6 }j,m. To measure the 
coupling coefficient between two adjacent channels, a 1.5 ！j,m TE mode laser beam 
was focused into a single channel of the coupler. As the light propagated along the 
channel, it was coupled into neighbouring channels. The light output patterns from 
various channels were captured by the vidicon camera. 
The captured image was converted to digital data and stored for post-
processing by a computer. The light intensity at the output of the directional coupler 
was obtained by performing a horizontal scan across the row of channel waveguides 
in the captured image of the directional coupler. Fig. 8.10 shows such an intensity 
profile of the guided light output from a directional coupler with a length of 2.5 mm. 
Radiation waves resulting from the scattering of guided light by waveguide 
imperfections into the substrate has inevitably caused interference to the intensity 
measurement of guided light in various channels of the coupler. As discussed in 
Chapter 4, the intensity in the ；ith channel of a directional coupler is given by 
J 
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t �.8 / \ 
0 ^ 
Fig. 8.10 Intensity profile at the output of the directional coupler with a length of 2.5 
mm, 
(8-1) I,Xz) = J;,{2Kz) 
where J^ is the Bessel function of the n^ ^ order, K is the coupling coefficient 
between two adjacent channels, a is the propagation loss of a channel and z is the 
propagation distance. This expression assumes that light is only coupled into the Qth 
channel at z=0 and negligible coupling occurs between non-adjacent channels. 
Oxygen implanted couplers with a length of 1.3 mm and 2.5 mm were investigated. 
By fitting the output intensity profiles of the two couplers to equation (8-1), a 
coupling coefficient of 0.27 mnr l was obtained. 
Refer to Chapter 4, for well-confined modes, the theoretical value of 
coupling coefficient of a directional coupler is given by 
(8-2) K 二一 2 〜々 2， 
� ^ Mhl^pl) 
where h^ and (3 are respectively the propagation constants- along the x and z axis, 
(1/p^) is the penetration depth in the x-direction outside the channel, s is the channel 
separation and w is the channel width. A step-index profile is assumed for the 
channel in this expression. The parameters can be calculated from the dimensions of 
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the channels and the refractive indices of the component media of the waveguide 
using the Marcatili's method as discussed in Chapter 2. Since the guided modes are 
not strictly well confined within the channel in our case, equation (8-2) can only be 
used as a qualitative comparison with the experimental results. Fig. 8.11 shows 
calculated coupling coefficient of the directional coupler versus the index difference 
[\n between the core and the substrate, which has already been shown in Chapter 4. 
For a step-index channel waveguide with An=0.015, theoretical calculation indicates 
that the coupling coefficient due to mode coupling is indeed negligible, which is 
very different from our experimental result. ‘ 
0.05 ‘ ‘ ‘ ‘ ‘ 
旦 0.04 - \ _ 
^ -
S \ 
£ 0.03 - \ -
8 - \ _ ^ \ 
^ 0 . 0 2 - \ -
I - \ -
� 0 . 0 1 _ \ -
1 1 1 1 I 
0 0.01 0.02 0.03 
Index Difference An 
Fig. 8.11 Coupling coefficient versus index difference An. 
This implies that the observed power transfer among the channels is not 
primarily a consequence of the overlapping of the guided modes in the waveguides. 
The large coupling effect observed here may be caused by bulk scattering coupling 
among the channels due to the amorphous nature of the heavily implanted GaAs 
region. Light launched into any one of the channels is easily scattered by crystalline 
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imperfections into neighbouring channels, thus enhancing the intensity of light 
propagating in those neighbouring channels. 
While the anomalously large optical coupling observed in the 0+ implanted 
GaAs couplers is inexplicable by mode coupling, the experimental results obtained 
from proton implanted GaAs directional couplers has shown an excellent agreement 
with the theoretical model [8.9]. The discrepancy is probably a consequence of the 
difference in implantation conditions. Protons are expected to produce smaller lattice 
damage in GaAs than oxygen ions because protons are lighter. This is evident from 
the consideration of the nuclear stopping power of the two implant species. The 
nuclear stopping power, expressed in terms of the energy loss by nuclear collision E 
per unit distance x, is given by [8.3] 
(8-3) 二 2 . 8 x 1 0 - 1 5 ’ , f Z ’ - T 1 eV-cm' 
where N is the atomic density of the substrate, M^ and M�are respectively the 
masses of the ion and the target atom, Z\ and Hi are the respective atomic number of 
the ion and the target atom. Since the mass and atomic number of hydrogen are both 
smaller than that of oxygen, the former has a weaker nuclear stopping power. As 
nuclear interactions are responsible for the creation of defects and amorphization in 
semiconductor crystal, lattice damage in oxygen implanted GaAs is more severe 
than that in the proton implanted layer. 
Furthermore, the proton-implanted waveguides was fabricated merely at an 
accelerating voltage of 300 kV with a dose in the order of 10l4 cm-2. As the criticai 
dose required for amorphization increases with decreasing ion mass (more precisely, 
its is inversely proportional to the nuclear stopping power dE/dx )，from Table 8.1, 
the value for light proton is expected to be greater than 1015 cm"-. With a mere 
proton dosage of cm-2，the proton implanted GaAs should not be amorphized. 
Hence, optical coupling observed from the proton-implanted directional coupler wa，’ 
entirely due to mode coupling and absolute consistency between the experimental 
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data and the theoretical model of mode coupling was obtained. On the contrary, the 
coupler here was fabricated by high-energy multiple implantation of heavy oxygen 
ions, the guiding layer was amorphized and optical coupling was predominantly 
attributed to light scattering by the crystalline imperfections that makes the 
application of the theory of mode coupling inappropriate. 
8 - 1 8 
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Channel waveguides and directional couplers in semi-insulating GaAs were 
fabricated by MeV oxygen ion implantation. While theoretical calculations and 
simulations were performed to estimate the characteristics of the devices, various 
measurement systems were set up for the evaluation of device performance. The 
experimental methods and techniques were discussed. 
Optical coupling experiments were carried out using an end-coupling 
measurement system. Near field patterns were observed" and captured" using a 
computer controlled infrared video camera system. At the wavelength of 1.5 j^m, 
two modes were excited in the implanted channel waveguide with a width of 6 jim 
and a depth of 3 )j.m, which was consistent with the theoretical prediction. Refractive 
index profiles of the waveguide was reconstructed from the near field pattern of the 
fundamental propagating mode and the maximum index increase within the channel 
was about 0.015. The obsefved index increase was attributed to the amorphization 
of the implanted GaAs, in agreement with former reports on this subject. 
Propagation losses of the waveguides were measured using the Fabry-Perot 
interference technique. The performance of this technique had been investigated by 
tuning the waveguide cavity using temperature scan and wavelength scan. The latter 
was preferred because of the better stability of the measurement system involved and 
the ease of implementation. Nevertheless, it was found that the back-reflected light 
reaching the laser source, multiple reflections among the optical components in the 
measurement system and the termination of the fiber cables were crucial factors that 
affect the system stability. A loss measurement system based on the wavelength scan 
of the waveguide cavity was set up. The system was equipped with automatic data 
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acquisition capability using a computer. Loss measurements were performed with 
the wavelength being scanned around 1532 nm and 1550 nm respectively. A 
propagation loss of about 3 cm-l was measured with the implanted waveguides 
being processed by rapid thermal annealing at 600°C for 9 seconds. Further 
optimization of the implantation and annealing conditions is expected to reduce the 
optical loss. 
Experiments was also performed at the wavelength of 1.5 fim to characterize 
the straight channel directional coupler using the end-coupling measurement system 
and the infrared camera system. Despite the observation of optical coupling in the 
coupler, theoretical calculations indicated that the coupling coefficient due to mode 
coupling was indeed negligible. Such an anomalously strong coupling is probably a 
consequence of scattering coupling resulting from the amorphous nature of the 
heavily implanted GaAs. 
In conclusion, the new waveguide fabrication technique of MeV oxygen ion 
implantation has been realized through the formation of channel waveguides in 
semi-insulating GaAs. This technique is expected to offer an alternative technology 
in the fabrication of planar integrated waveguides for optoelectronic and photonic 
integrated circuits. 
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Improvement and Extension 
Practical integrated optical waveguides should possess a low optical 
attenuation. However，the oxygen ion implanted waveguides fabricated in the 
project，despite of the simplicity in fabrication, exhibit a relatively large loss on the 
order of 3 cm-^, although optical waveguides formed by ion implantation usually 
possess a large optical loss [10.1]. Hence, it is necessary to reduce the loss to a 
reasonably low value so that this novel fabrication technique can be practically 
applied to various field of integrated optics. Two of the important aspects that 
should be studied are the annealing conditions and the implantation dosage. — 
Experiments can be carried out to investigate the effect of dosage and annealing 
temperature on the optical attenuation. It was reported that with an optimal 
annealing temperature and dose, the optical loss for an proton implanted GaAs 
waveguide was drastically reduced from 50 cm-i to 2 c m ] [10.1]. So, further 
optimization of the implantation and annealing conditions is expected to lower the 
optical loss of the oxygen ion implanted waveguides. 
Further effort can be devoted to the investigation the underlying mechanism 
for the index change observed oxygen ion implanted GaAs. The cause of such 
change is still unknown, it is probably because the role of oxygen ions, the lattice 
damage mechanism and their contribution to index change are still not well-
understood. The origin is only qualitatively explained by the amorphization of the 
oxygen-implanted GaAs in this thesis and a former work on this subject [10.2]. A 
possible method is to probe the band structure of the implanted GaAs by measuring 
its absorption spectrum. 
In the fabrication of the channel waveguides, it is advisable to decrease the 
channel width so that the waveguides only support single mode since multi-mode 
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waveguides, in some cases, complicate the data analysis and device modelling 
procedure, and also the end-coupling experiments. 
On the other hand, preliminary results in this project indicated that the 
anomalously strong optical coupling observed in the straight channel optical 
waveguide directional couplers was not due to mode coupling but scattering 
coupling as a result of the amorphization of oxygen implanted GaAs. Future work 
on the modelling of scattering coupling may be carried to investigate the strong 
coupling observed. Modelling work may also be carried to evaluate the optical loss 
of the waveguide due to scattering. 
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Appendix 1 
E v a l u a t i o n of t h e p r o d u c t ( ^ " f j , , , . . ) 
Owing to the simple structure of the embedded waveguide, determination of 
the matrix elements requires only the evaluation of the surface integral J"(t),J,,�,^/5" 
over the sub-domaims S: and S: respectively. Refer to index distribution 
denoted in Fig. 3,1，as the indices in the three domain are homogenerous, the 
product (^"f ,i,/v'>is given by 
- � " 2 ^ J > , / v . � = { y O，_y > | ) J ) „ v ^ 
(3-27) 
=〜2 J^  小 J uwdS + ^ ；[小 j “‘dS + (t) j “.dS 
As there are four indices in the expression, the integral is calculated analytically 
according to the following four cases: 
Case 1 : (w却'and v^v) 
f 1 i JO 4 r • U7l U^ 7Z 广 VTT v’Tr 
j j 中 丄 V 必 = 斤 j s m ( ( ; 0 s i n ( T ; 0 办 力 办 = 人 " . � g “ 力 
少 y 
Case 2 ： (w=w'and v=v) 
. I f 丄必 = ~Jsm\'^x)dx\sm\^y)dy = 〜⑴ 
Case 3 : and v=v) 
If 小 , 二 六 J s i n ( f x) sin( t J sin2 = 人 " . � w少） 
—少 、 Ly 
Case 4 : {u=u' and 
I f f 丄 办 J s i n ( 7 ; 0 s i n ( 字力办 = 力） 
x'^y ^x Ly Ly 
where 
� J 0 - " ' ) 冗 1 . \{U-\-U')tz “ sm sin —X 
�= L , : 、 I i 
Al-1 • 
- 「 _ 
sin ( H ' � s m ( … ' � 
仏 � = L : : _ _ J 一 _ L A _ 1 
( v - V )71 ( v + v ' ) 7 r 
. ,2WTC. 
s in( -—) 
/、 Lr 
凡⑴ = 7 
L 又 luu 
s i n ( — ) 
1 � = f ^ 
Ly iVTZ 
and the integration constants are omitted for the sake of simplicity. Case 1, 3 and 4 
corresponds to the off-diagonal elements (i；：^) of the matrix Ay while Case 2 
corresponds to the diagonal elements (i=j). 
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Transmission of Lossy Fabry-Perot Cavity 
Refer to Fig. 6.5 in Section 6.2.3, let 厂“” Q denote respectively the reflection 
and transmission coefficients for a wave travelling from medium a to medium b. 
Notice that the reflection and transmission coefficients are related to 9,- and by the 
Fresners Equations and are different for TE and TM waves, but the quantities 
are reduced to the same values for normal incidence. Hence, the complex amplitudes 
of the set of transmitted waves are: 
E, = -
…（A2:1)—— 五 丨 2:23�3 沾 严 , … 
where L = h/ cose, .The general situation may be reduced to a specific but realistic 
case. If the media surrounding the slab are the same, i.e., medium 3 is identical to 
medium 1，then 
(A2-2) = hx 
广 23 二厂21 
Furthermore, from the Fresnel's Equations, for either TE or TM polarized wave, 
Where R and T are respectively the power reflectivity and transmissivity of the slab 
surfaces. Hence, (A2-1) becomes 
E, = TE 广 
(A2-4) = T R E , � 5 
E, = 
A2-1 
and the amplitude of the transmitted light Et, is 
CO 
7 = 1 




Effective Index versus Index Difference 
The cut-off conditions of oxygen ion implanted waveguides are studied with 
reference to the index difference An between the core and the substrate. The 
schematic structure as shown in Fig. A3.1 is used for calculation. This structure has 
been adopted throughout this thesis. The effective indices of the propagating modes 
are computed as a function of An using the Marcatili's Method. The effective indices 
are calculated for the E^^ modes, in which the electric field is primarily polarized in 
y-direction and the subscripts/? and q represent the number of maxima in the electric 
field distribution along the x- and y-direction respectively. 
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Rg. A3.1 Schematic Structure of the oxygen ion implanted waveguide. 
Fig. 3A.2 shows the plot of the effective index of four guided modes versus 
the index difference An. From the calculation, it is found that the waveguide can 
support the E l l mode if An>0.006 and the E^^ mode if An>0.011. As mentioned in 
Chapter 8.1，An was measured to be 0.015 and E ^ and E!? modes were observed. 
This indicates that the experimental results agree with the calculation. 
A2-3 
Concerning with the observation of optical coupling as discussed in Chapter 
8.4, the coupling coefficient calculated from the theory of mode coupling is about 
0.045 mrrfi at An=0.006 (see Fig. 8.11). Theoretically, this value should be the 
maximum coupling coefficient for a directional coupler with such dimensions as 
shown in Fig. 8.9 because the waveguide can support the fundamental E ^ mode 
only if An exceeds 0.006, and also because the coupling coefficient decreases with 
increasing An. However, the experimental value is 0.27 mm"^ which is much greater 
than the maximum calculated value of 0.045 m m - � T h i s implies that the 
anomalously large optical coupling observed is probably not due to mode coupling. 
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Fig. A3.2 Effective index versus index difference An. 
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Effect of Temperature on the Transmission of a Fabry-Perot Cavity 
As discussed in Chapter 6，it was already shown that the transmission of a 
Fabry-Perot cavity 
� 1 (6.13) L = ^ /, 
‘l\-2Rcosb + R' \ 
could be modulated by the altering optical phase difference 6 which is given by 
/ “ 1、 ^nnL (A4-1) 
where is the incident intensity, R and T are respectively the power reflectivity and -
transmissivity, is tKe "refractive index of the cavity, L is the cavity length arid X is 
the wavelength of light. In this expression, both n and L are temperature dependent. 
Hence, by changing the temperature of the cavity (that is, changing both the 
refractive index and cavity length), the transmission can be modulated [A4.1]. The 
change in optical phase difference 5 with respect to temperature T, —，is given by 
dT 
�� X db dn dL (A4-2) = + . 
4nnL dT ndT LdT 
The value for — is 6.4x10-5 K.i and are 6.86x10-6 K"^  [A4.2]. From these 
ndT LdT l J 
values, it is anticipated that the effect of temperature change on refractive index is 
relatively greater that on cavity length. Nevertheless, since both values are of the 
same sign (positive), the optical phase difference 5 changes monotonically with the 
cavity's temperature, no matter which of the effects (change of refractive index with 
temperature or change of cavity length with temperature) is dominant. Hence, a 
periodic modulation of the transmission can be achieved by tuning the temperature. 
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Evaluation of An from the Near Field Pattern 
In Chapter 8, it was mentioned that the maximum increase in refractive index 
An (index difference between the core and the cladding) within the implanted 
channel was about 0.015. This value was obtained from the near field pattern (NFP) 
of the fundamental propagating mode by solving the Maxwell's equations and 
iterative numerical calculation. The algorithm of this numerical technique is 
described as follows. 
Firstly, from the end-coupling experiment, NFP of the fundamental 
propagating mode of the implanted waveguide is obtained and the pattern is digitally 
stored. The iterative calculation process begins by introducing appropriate initial 
conditions. For example, a step-index profile R^{X) with An=0.01 and a waveguide 
cross-section of 6 i^m x 3 jam are assumed for example (where is a two-
dimensional matrix). Then, using these initial conditions, the Maxwell's equation is 
solved and the corresponding electric field pattern is obtained. The intensity profile 
(NFP) can thus be calculated for the assumed initial conditions. Next, the calculated 
NFP /o(JO and the experimentally obtained NFP g(X) are compared and their 
difference or the error s � ( Z ) is determined. 
The initially assumed refractive profile is subsequently adjusted according to 
So W in order to minimize the error. This can be easily achieved by standard 
computer subroutines used for minimization purposes. The adjusted index profile 
Rl W is then applied to the Maxwell's equations again to solve for the electric field 
pattern and hence the intensity profile f人X). The difference between f^{X) and 
g i ^ is computed again to yield the error According to the error 8,(X) and 
the gradient between the errors and 8o(X), the index profile is adjusted again 
by the minimization subroutine to reduce the difference between the calculated 
intensity profile and the experimentally obtained NFP. 
A2-5 
The iterative calculation process is repeated until the error is below a certain 
tolerance and an optimum refractive index profile and waveguide geometry can be 
obtained at the end of the calculation. An exhaustive discussion on various aspects 
of the iterative numerical calculation is available in the Final Year Project Report by 
S.C. Chung [A5.1] 
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